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Abstract

The evolution of disease resistance in plants occurs within a framework of interacting
phenotypes, balancing natural selection for life-history traits along a continuum of
fast-growing and poorly defended, or slow-growing and well-defended lifestyles. Plant
populations connected by gene flow are physiologically limited to evolving along a
single axis of the spectrum of the growth-defense trade-off, and strong local selection
can purge phenotypic variance from a population or species, making it difficult to
detect variation linked to the trade-off. Hybridization between two species that have
evolved different growth-defense trade-off optima can reveal trade-offs hidden in either
species by introducing phenotypic and genetic variance. Here, I investigated the
phenotypic and genetic basis for variation of disease resistance in a set of naturally
formed hybrid poplars.
The focal species of this dissertation were the balsam poplar (Populus balsamifera),
black balsam poplar (P. trichocarpa), narrowleaf cottonwood (P. angustifolia), and
eastern cottonwood (P. deltoides). Vegetative cuttings of samples were collected from
natural populations and clonally replicated in a common garden. Ecophysiology and
stomata traits, and the severity of poplar leaf rust disease (Melampsora medusae)
were collected. To overcome the methodological bottleneck of manually phenotyping
stomata density for thousands of cuticle micrographs, I developed a publicly available
tool to automatically identify and count stomata. To identify stomata, a deep convolutional neural network was trained on over 4,000 cuticle images of over 700 plant
species. The neural network had an accuracy of 94.2% when applied to new cuticle
images and phenotyped hundreds of micrographs in a matter of minutes.
To understand how disease severity, stomata, and ecophysiology traits changed
as a result of hybridization, statistical models were fit that included the expected
proportion of the genome from either parental species in a hybrid. These models indicated that the ratio of stomata on the upper surface of the leaf to the total number
of stomata was strongly linked to disease, was highly heritable, and wass sensitive
to hybridization. I further investigated the genomic basis of stomata-linked disease
variation by performing an association genetic analysis that explicitly incorporated
admixture. Positive selection in genes involved in guard cell regulation, immune system negative regulation, detoxification, lipid biosynthesis, and cell wall homeostasis
were identified.
Together, my dissertation incorporated advances in image-based phenotyping with
evolutionary theory, directed at understanding how disease frequency changes when
hybridization alters the genomes of a population.
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Abstract
Landscape genomic studies analyze spatial patterns of genetic variation to test hypotheses about how demographic history, gene flow, and natural selection have shaped
populations. For decades, angiosperm trees have served as outstanding model systems for landscape-scale genetic studies due to their extensive geographic ranges, large
effective population sizes, abundant genetic diversity, and high gene flow. These characteristics were recognized early in the landscape genetics literature, and studies on
angiosperm trees, particularly Populus and Quercus, tested hypotheses about how
landscape features shaped neutral patterns of gene flow and population divergence.
More recently, advances in sequencing and analysis methodologies have allowed for
greater opportunities to directly test how natural selection acting locally across the
landscape has shaped the genome-wide diversity of populations, often in the context of
broad climatic gradients in growing season length. Despite, the methodological gains
and successes of the last decade, landscape genomics studies face new challenges of
study design, hypothesis testing, and validation. Here, we explore the development
of landscape genetics and genomics in angiosperm trees and what we have learned
from investigating the evolutionary consequences of life as a tree in heterogeneous
landscapes. We outline the past, present, and potential future of landscape genomic
studies in angiosperm trees, highlighting successes of the field, challenges to overcome,
and ideas that scientists from all backgrounds engaged in landscape genomics should
consider.
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1.1

Introduction

The biological characteristics of some organisms lend themselves almost perfectly to
the fields of study that have developed around them: Drosophila and population genetics; Caenorhabditis elegans and development; maize and plant architecture. Trees
are, at first glance, unlikely model organisms, especially given their longevity and
long generation time (Taylor, 2002); however, as models for ecological and landscape
genomics, they combine a unique set of features (Petit and Hampe, 2006). Trees
have large effective population sizes (Petit and Hampe, 2006; Evans, Allan, et al.,
2015), disperse genes widely through pollen and seed over long distances (Nathan et
al., 2002), produce millions of progeny that encounter strong selection (Augspurger,
1984), can clonally propagate and persist for millennia (Ally et al., 2008), extensively
hybridize with congeners (Moran et al., 2012), and have large lifetime exposures to
pathogens and herbivores that can change annually (Floate et al., 2016). These varied
characteristics result in complex evolutionary processes that play out in landscapes
as small as a few hectares (Streiff, 1999), to entire biomes (Keller, Olson, et al., 2010)
and continents (Callahan et al., 2013), making trees excellent candidates for the study
of how ecological selection and landscape features structure genetic diversity.
There is a rich history of ecological genetic studies in forest trees beginning with
provenance trials of the 18th century (Langlet, 1971). Foresters would collect rangewide samples of seeds or cuttings from diverse populations and propagate these into
common gardens, often replicated in different climatic regions of the landscape, with
the objective of assessing how genetics and environment influence growth and yield,
especially patterns of vegetative bud phenology and the timing of adaptive seasonal
3

dormancy (Savolainen et al., 2007). While these efforts began well before the age
of genomics, researchers were already recognizing the importance of climate, disease,
and other sources of selection in structuring forest tree adaptive diversity. With the
rise of the genomic era, ecological geneticists working on trees have been increasingly
in a position to evaluate the genetic architecture of local adaptation, identify regions
of the genome associated with climate, and accelerate the selection and breeding
process of tree domestication.
The expansion of genomic resources in poplars (Populus, Tuskan et al., 2006),
Eucalyptus (Myburg et al., 2014), oaks (Quercus , Plomion et al., 2016), and other
forest-trees (Liang et al., 2011; Fang et al., 2013) was critically important for opening
new avenues of research in ecological and landscape genomics, and in many ways,
studies on trees drove this field forward. Populus emerged as the model for tree biology in the 2000’s due to the ease of clonal propagation, manageable genome size
(~480Mb), ecological diversity, extensive hybridization, the availability of genomic resources (such as its transformation by Agrobacterium), and its candidacy as a source
of cellulosic bioethanol production (DiFazio, Leonardi, et al., 2012). The accumulation of population genetic and genomic studies in Populus has resulted in large gains
in our understanding of the genetic architecture of phenology (Keller, N Levsen, Olson, et al., 2012; Olson et al., 2013; McKown, Guy, Quamme, et al., 2014; McKown,
Guy, Klápöt , et al., 2014; McKown, Klápöt , et al., 2014), wood and biomass growth
(Porth, Klapöte, et al., 2013), disease resistance (Porth, Klápöt , et al., 2015; Foster
et al., 2015), and many other physiological processes. The Populus community is
global and continues to grow in the fields of biomass production (Zhang et al., 2015),
phytoremediation (Di Lonardo et al., 2011), the plant microbiome (Hacquard and
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Schadt, 2015), and of course, among other fields, landscape genomics (Evans, GT
Slavov, et al., 2014; Geraldes, Farzaneh, et al., 2014; Porth, Klápöt , et al., 2015).
More recently, Quercus sp. are emerging as models for the study of ecological and
landscape genomics (Petit, Carlson, et al., 2013). Consisting of over 400 species, oaks
are dominant in many Northern Hemisphere forests, and represent a large carbon
sink in terrestrial landscapes (Myneni et al., 2001). Many oaks are foundational
species that maintain biodiversity by providing habitat and food for numerous plants
and animals (Block et al., 1990; Burns and Honkala, 1990; Fralish, 2004; McShea
et al., 2007). They are also of high economic value for their lumber (Luppold and
Bumgardner, 2008; Espinoza et al., 2011) and ecosystem services that include carbon
sequestration, riparian buffering and water quality enhancement (Dosskey et al., 1997;
Kroeger et al., 2010), improvement of hunting and rangelands (Standiford and Howitt,
1993; Kroeger et al., 2010), improved nutrient cycling (Dahlgren et al., 1997; Herman
et al., 2003), and cultural significance (Pavlik et al., 1991; Anderson, 2013).
In this chapter, we explore the development of landscape genetics and genomics
in angiosperm trees and what we have learned from investigating the evolutionary
consequences of life as a tree in a heterogeneous landscape. We focus especially on
Populus and Quercus,which have made the greatest strides to date among landscape
studies on angiosperm trees. We then highlight several areas where researchers in
tree landscape genomics face challenges, or historically have been narrowly focused.
Lastly, we offer recommendations for investigating overlooked aspects of tree biology
and evolution in landscape genomics studies, and suggest new inquires for future
research directions.
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1.1.1

Historical Review

Landscape genetics: gene flow and population structure
Before the mid-2000’s and the onset of the next generation sequencing (NGS) revolution, landscape genetic studies focused primarily on how genetic diversity of anonymous markers were shaped by neutral demographic processes, including the effects of
gene flow, clonality, isolation-by-distance, range expansion, and population structure
(Manel, Schwartz, et al., 2003). Polymorphic loci were rarely associated with adaptive
signatures in allele frequency driven by environmental agents of selection (GonzalezMartinez et al., 2006), a fact largely due to the type of molecular markers employed
(e.g. amplified-length polymorphisms, AFLPs; random amplified polymorphic DNA,
RAPDs; and simple sequence repeats, SSRs/microsatellites) and the typically unknown location of these markers in a genome. Nevertheless, these loci were sufficient
to answer questions regarding demographic processes shaping genetic diversity.
Early landscape genetic studies in angiosperm trees focused on both contemporary
gene dispersal (VL Sork and Smouse, 2006) as well as larger-scale phylogeographic
structure (Petit, Brewer, et al., 2002). Pollen and seed differ by the distances they
are dispersed, their dispersal vectors, the genomes they carry, and their ploidy level;
traits that profoundly influence spatial patterns of diversity (McCauley, 1995; Petit
and Hampe, 2006). Elegant early studies of landscape genetics in white oaks by
Petit and colleagues laid the foundation for our understanding of how long-distance
seed dispersal creates legacies of genetic structure during range expansion (Le Corre
et al., 1997; Petit, Pineau, et al., 1997). In Quercus robur and Q. petraea, Petit
et al. (1997) discovered homogenous patches of chloroplast (cpDNA) haplotypes
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on the landscape, suggesting that rare long-distance dispersal events followed by
local population expansion, rather than a continuous wave of migration, structures
landscape diversity in cpDNA. Finer-scale understanding of pollen and seed movement
came from Sork and colleagues who demonstrated how landscape configuration and
land use history shaped the effective number of pollen donors (Nep ). Fragmentation
and habitat loss lowered Nep in wind-pollinated California valley oaks (Q. lobata)
(VL Sork, Davis, et al., 2002), while fragmentation actually facilitated gene flow in
the insect-pollinated flowering dogwood (Cornus florida) (VL Sork, Smouse, et al.,
2005). Studies in Q. robur and Q. petraea demonstrated that pollen-mediated gene
flow occurring over long distances (>200 m) is common, accounting for 67% of matings
(Streiff, 1999). Studies in Populus have also informed our understanding of gene flow
distances. Dispersal of exotic or transgenic alleles is a concern in hybrid Populus
plantations. Carefully designed gene flow studies demonstrated that most pollination
and seed establishment occurs near the source tree (within 450 m) (DiFazio, Leonardi,
et al., 2012), and pollination occurs less frequently when native tree populations are
large. Establishment of exotic or transgenic genes in populations of native species
is more likely when native population sizes are small. Removing native female trees
near exotic or transgenic plantations may be an effective means of eliminating gene
flow in managed landscapes (Meirmans et al., 2010).
Some angiosperm trees (especially in Populus ) are known for extensive clonal
reproduction that can strongly influence local genetic structure (Mock, Rowe, et al.,
2008), and once established, a set of clones can dominate an area for long periods
(Imbert and Lefévre, 2003). Early studies in black poplar (Populus nigra) assessed the
extent of clonal diversity remaining among two remnant populations along the Rhine
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River in the Netherlands (Arens et al., 1998). Using SSRs, they identified 13 distinct
clones among the 71 ramets sampled, suggesting extensive clonality. Recent studies
of the highly clonal quaking aspen (P. tremuloides) in the western U.S. also used
SSRs to identify and map the spatial extent of clones on the landscape (Mock, Rowe,
et al., 2008). Mock, Callahan, et al. (2012) was also able to document the widespread
existence of triploid aspen clones in western U.S. landscapes, which represent a unique
source of genetic diversity relative to the more recently colonized populations in the
glaciated northern regions of the continent (Callahan et al., 2013). The molecular
estimates of clone age in P. tremuloides , ranging from 175 to 10,000 years (Ally et al.,
2008), suggest that once established, Populus clones may shape the genetic diversity
of landscapes for millennia.
At larger spatial and temporal scales, the Pliocene and Pleistocene glacial cycles
had a substantial impact on the genetic diversity of many North American (VL Sork
and Smouse, 2006) and European trees (Hewitt, 1999) through waves of range expansion and contraction, although not all species experienced population size changes
(Grivet et al., 2006). Post-glacial migration rates from pollen cores predicted fast tree
migration rates out of refugia (100-1000 m/yr), but estimates from genetic data are
contradictory (<100 m/yr) (McLachlan et al., 2005; Feurdean et al., 2013), and the
increasing recognition of high latitude glacial refugia may refine our estimates of tree
migration rates downward (Petit, Hu, et al., 2008; Breen et al., 2012). Studies in trees
revealed population size changes and genetic isolation in allopatric refugia create the
conditions for speciation (Sorrie and AS Weakley, 2001), as well as opportunities for
adaptive introgression upon secondary contact (Bragg et al., 2015; Suarez-Gonzalez
et al., 2016). For example, range shifts associated with Pleistocene climate change
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have been implicated in speciation between Populus trichocarpa and P. balsamifera
(ND Levsen et al., 2012), as well as driving adaptive introgression during admixture
of divergent European populations of P. tremula (De Carvalho et al., 2010).
The development of genomic resources in Populus (Tuskan et al., 2006) allowed
for genotyping large numbers of individuals at hundreds to thousands of physically
mapped loci (Ingvarsson, 2008; Keller, Olson, et al., 2010; GT Slavov et al., 2012).
Applications of coalescent demographic modeling and Bayesian clustering to population genomic datasets revealed a general pattern of strong latitudinal gradients
of population structure and geographic gradients in genetic diversity (Keller, Olson,
et al., 2010; GT Slavov et al., 2012). For example, in P. angustifolia, STRUCTURE analyses revealed southern, mid-latitude, and northern demes (Evans, Allan,
et al., 2015). These confounding effects of population structure (Fig. 4.1a) introduce
challenges for finding adapted loci under environmental selection from variables that
covary with latitude (Fig. 4.1b). Hence, understanding the demographic history of a
sample became essential for any association genetic study using natural diversity.
Candidate gene studies of local adaptation
Heritable phenotypic clines in phenology, growth, and other physiological traits are
widespread in nature (Haldane, 1948; Ingvarsson, García, et al., 2006; Hall, Luquez,
et al., 2007; Kempes et al., 2011), suggesting an intimate relationship between adaptive evolution and the landscape (Linhart and Grant, 1996). In temperate and boreal forests trees, locally adapted clines of bud phenology (spring bud flush and late
summer bud set) allow trees to coordinate their growth and dormancy with the available growing season, and achieve cold hardiness before low temperatures or drought
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become damaging (Ingvarsson, García, et al., 2006). These phenotypic clines are
the hallmark signatures of adaptation to climate, exhibiting strong heritability and
genetically-based population differentiation, these traits are attractive targets for investigating the genetic basis of local adaptation (Savolainen et al., 2007).
The increased knowledge of gene function from model plants, especially Arabidopsis, coupled with the development of growing genomic resources in emerging angiosperm model trees (e.g. Populus, Quercus, Eucalyptus, and Castanea;(Neale and
Kremer, 2011) facilitated a wave of local adaptation studies in tree bud phenology
primarily focused on candidate genes from the flowering time and circadian clock associated pathways. Early efforts to associate adaptive clines in bud phenology with
candidate genes were conducted in P. tremula by Ingvarsson and colleagues. PHYB2
senses red to far-red light and regulates several important traits in Arabidopsis, including hypocotyl elongation, meristem development, and flowering-time (Sheehan
et al., 2007). It was hypothesized that changes in allele frequency in PHYB2 would
associate with clines in bud set driven by latitudinal variation in critical photoperiod. Latitudinal clines in PHYB2 SNPs were detected, and, consistent with local
adaptation, paralleled bud set clines; however, analytical methods were not capable of
disentangling whether this was due to local selection or neutral processes (Ingvarsson,
García, et al., 2006). Follow-up studies including SNPs flanking the PHYB2 region
found allele frequencies did not deviate from neutral expectations, even though two
nonsynonymous SNPs in PHYB2 explained 1.5 - 5% of clinal variation in bud set
(Ingvarsson, Garcia, et al., 2008). Hall, Luquez, et al. (2007) leveraged the release
of the P. trichocarpa genome (Tuskan et al. 2006) to design 18 neutral SSRs (7
near candidate genes) and sequenced 50 SNPs from five candidate genes (PHYB2,
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COL2B, GA20OX1, ABI1B, and HYPO312 ) for phenology responses. While phenology traits showed strong quantitative genetic differentiation among populations
(QST ), candidate SNPs and SSRs near candidate genes did not show elevated FST ,
nor did the genetic data covary strongly with latitude (Hall, Luquez, et al., 2007).
Ma et al. (2010) broadened the focus to include SNPs from 25 genes across the P.
tremula photoperiod pathway. Using FST outlier tests for local adaptation, they were
unable to differentiate adaptive from neutral patterns of population differentiation,
even though several candidate SNPs were associated with phenotypes and showed allele frequency clines with latitude. Using alternative tests for positive selection based
on comparing synonymous vs. nonsynonymous mutations (MK test) and intraspecific polymorphism vs. interspecific divergence (HKA test), Hall, MA, et al. (2011)
did find evidence for adaptive evolution in several photoperiod and circadian clock
associated genes, including PHYB2.
These early studies in aspen revealed a complex reality that the genetic basis of
local adaptation would be difficult to unravel for highly polygenic traits, and helped
usher in two important realizations for the field of adaptive landscape genomics: (1)
finding genes involved in local adaptation requires testing candidate genes against
samples of loci from across the genome using statistical models that account for the
confounding effects of demographic history (Platt, Vilhjálmsson, et al., 2010); and (2)
deducing the genetic architecture of local adaptation would be a difficult road, as the
average effect of a locus on a polygenic trait is small (Rockman, 2012), and selection at
the phenotypic level is distributed across many QTLs in the genome (Tiffin and RossIbarra, 2014). An enduring lesson for landscape genomics thus became limiting false
discoveries while searching for local adaptation by developing, testing, and applying
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methods that explicitly modeled the demographic history of the sample (Lotterhos
and Whitlock, 2014). These new analytical methods included tests for clinal geneenvironment associations (GEA), supported by programs such as Bayenv (Günther
and Coop, 2013) and latent-factor mixed models (LFMM) (Frichot et al., 2013), as
well as FST outlier programs like BayeScan (Foll and Gaggiotti, 2008) that detected
diversifying selection against the background of neutral population structure.
In a study of local adaptation for phenology in P. balsamifera, Keller, N Levsen,
Olson, et al. (2012) used 412 putatively neutral reference SNPs to model effects of
demographic history and tested for local adaptation in 27 candidate genes in the
flowering-time pathway (Fig. 4.1c, d). FST outlier tests and GEA convergently
identified 11 candidate SNPs that had signatures of excessive population structure or
association with climate. Interestingly, phytochromes (e.g. PHYA, PHYB1, PHYB2 )
showed no signs of local adaptation in P. balsamifera despite their signature of adaptation along a latitudinal gradient in the related P. tremula (Ingvarsson, García,
et al., 2006; Ma et al., 2010), nor did phytochromes show evidence of species-wide
positive selection, as in P. tremula (Hall, MA, et al., 2011; Keller, N Levsen, Ingvarsson, et al., 2011). Instead, local selection in P. balsamifera was primarily targeted
at the circadian clock controlled gene GIGANTEA (GI ) (Oliverio et al., 2007), a
master regulator of multiple developmental processes such as germination, flowering,
and osmotic stress (Mishra and Panigrahi, 2015). GI is known to mediate day length
signaling from the phytochromes to regulate expression of the genes CONSTANS and
FLOWERING LOCUS T involved in flowering and vegetative phenology in Populus
(Böhlenius et al., 2006). Thus, an important comparative insight from these candidate gene studies was that convergent phenotypic clines in related species may result
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from selection targeting the same overall functional pathway (e.g. light-regulated
circadian responses) but involving different genes within the pathway. Indeed, this
trend also appears to be true for the evolution of sex-determination in Populus section
Populus and Populus section Tacamahaca despite the ancient origin of dioecy in the
genus (Geraldes, Hefer, et al., 2015).
More recently, Menon et al. (2015) took advantage of P. balsamifera’s extensive
distribution across boreal and arctic latitudes to study natural variation in adaptation
to freeze tolerance. Menon et al. combined physiological assays of freeze tolerance
using electrolyte leakage tests with gene expression and population genetic analyses
on candidate genes in the poplar C-repeat binding factor (CBF ) gene family. Their
findings indicated that northern genotypes were physiologically more cold tolerant
than southern genotypes, and that CBF gene expression was strongly induced by
cold in balsam poplar. One gene (CBF2 ) also showed population genetic evidence
of selection in the form of an excess of derived alleles, elevated FST , and clinal allele
frequency variation. While transcriptional regulation and sequence polymorphisms in
CBF genes were clearly associated with cold adaptation, CBF candidate genes only
explain a small fraction of cold-induced changes in gene expression, suggesting the
involvement of additional pathways.
Outside of Populus, investigations of the genomics of local adaptation in Quercus
and other Fagaceae were underway by the mid-2000’s. Foundational work studying QTLs and gene expression of various tissues identified a number of candidate
genes involved in landscape variation in bud phenology and drought response (Porth,
Koch, et al., 2005; Casasoli et al., 2006; Derory, Léger, et al., 2006; Derory, ScottiSaintagne, et al., 2010; Soler et al., 2008). These studies spurred a growing body
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of work in Quercus, and provided an important resource for comparison to Populus
and other taxa. In the European oak (Q. petrea), FJ Alberto et al. (2013) integrated
FST -outlier, GEA, and genotype-phenotype association tests based on SNPs from
106 phenology-related candidate genes to test for molecular signatures of local adaptation along altitudinal and latitudinal gradients. While 34 genes were significant
in at least one of the tests, only 4 were identified in more than one: endochitinase
class I, seed maturation protein, ribosomal protein L18a, and plastocyanin A. Some
candidate genes were significant in both altitudinal and latitudinal gradients, suggesting convergent selection at different spatial scales (ribosomal protein L18a, GI,
Photosystem II polypeptide, 5’-adenylylsulfate reductase, ribosomal protein S11). VL
Sork, Squire, et al. (2016) also started with candidate genes from other studies and
combined multiple tests for signatures of local adaptation in Q. lobata in California, including FST -outlier and univariate and multivariate environmental association
tests. Five of seven genes with significant SNPs were significant in more than one
test: auxin-repressed protein and –-amylase/subtilisin inhibition, which are involved
in bud phenology; and heat shock protein 17.4 and elongation factor 1-–, which are
involved in temperature stress response. The FST values of outliers in Q. lobata are
substantially higher than those in Q. petraea, suggesting that differences in population history and climate heterogeneity may lead to very different degrees and patterns
of local adaptation. Furthermore, several candidate genes for cold hardiness in Pseudotsuga menziesii (Krutovsky and Neale, 2005) and bud phenology in European oaks
(Casasoli et al., 2006; Derory, Scotti-Saintagne, et al., 2010) also show evidence of
local adaptation in the Californian oak, Q. lobata (VL Sork, Squire, et al., 2016). For
the most part, however, candidate genes identified across a limited number of stud-
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ies were different, leaving it unclear how common convergent adaptation is among
species and between angiosperm clades (Martins et al., 2018; FJ Alberto et al., 2013;
VL Sork, Squire, et al., 2016; Gugger, Cokus, et al., 2016).
The recent publication of the Eucalyptus grandis genome (Myburg et al., 2014)
promises to be a useful tool to study adaptive evolution in the species rich and
ecologically diverse Eucalyptus. For example, E. pauciflora occurs from sea-level to
tree-line and seems like a particularly well-suited species for studying adaptation to
temperature, cold hardiness, and drought stress. Adaptation studies in Eucalyptus are
in the nascent stages (Dillon et al., 2015), but some traits, e.g. adaptation to aridity
(Steane et al., 2014), are better understood. A recent candidate gene study of local
adaptation in E. camaldulensis identified associations between climate (especially
temperature and evaporative demand) and two genes – ERECTA (an LRR receptorlike kinase) and PIP2 (an aquaporin), both of which also showed excess population
differentiation in FST outlier tests (Dillon et al., 2015). Additional work in E. tricarpa
has uncovered extensive evidence of phenotypic plasticity and local adaptation for
ecophysiological traits related to drought avoidance, although no associations with
molecular data were sought (McLean et al., 2014). We eagerly await further results
from landscape genomic studies in Eucalyptus that expand on our current knowledge
of candidate genes involved in local adaptation to environmental gradients, especially
drought and other forms of osmotic stress, and facilitate comparison with the existing
body of work in northern hemisphere forest trees.
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Genome-wide studies of local adaptation
While candidate gene studies show promise for understanding local adaptation on the
landscape, they are still biased by the choice of genes to investigate. The development
of new SNP arrays (Geraldes, Difazio, et al., 2013) allowed for genotyping tens of
thousands of loci across the genome, while whole genome, exome, or transcriptome
re-sequencing studies enabled testing millions of SNPs and identification of locally
adapted genomic regions without any a priori specification of the number or types of
genes involved (Evans, Allan, et al., 2015; Holliday et al., 2016). To date, genomewide association studies (GWAS) have received the most attention in P. trichocarpa
(McKown, Guy, Klápöt , et al., 2014; McKown, Klápöt , et al., 2014; McKown,
Guy, Quamme, et al., 2014; Zhou et al., 2014; Porth, Klapöte, et al., 2013; Evans,
GT Slavov, et al., 2014; Holliday et al., 2016). Loci associated with adaptation to
climate (Evans, GT Slavov, et al., 2014), aridity (Steane et al., 2014), adaptation
across latitude and elevational gradients (Holliday et al., 2016), and associations with
adaptive ecophysiological traits (McKown, Guy, Klápöt , et al., 2014) have been
discovered.
It is interesting to consider the repeatability of the genomic regions implicated
by local adaptation scans in P. trichocarpa, given that they have involved different
research labs, independent germplasm collections across a similar landscape gradient, and different statistical approaches to testing for adaptation. We compared
local adaptation outliers from four studies in P. trichocarpa based on a range-wide
sampling: two studies (McKown, Klápöt , et al., 2014; Geraldes, Farzaneh, et al.,
2014) generated genomic data from genes discovered in the Geraldes, Difazio, et al.
(2013) SNP array, while Holliday et al. (2016) sequenced whole exomes and Evans,
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GT Slavov, et al. (2014) sequenced whole genomes. Gene annotations from Geraldes,
Farzaneh, et al. (2014) were updated from the P. trichocarpa genome version 2.2 to
3.0. Our comparisons were based on unique P. trichocarpa gene IDs identified as locally adapted in each study. These include 579 genes from Geraldes et al. (2014), 276
from McKown, Klápöt , et al. (2014c), 1160 from Holliday et al. (2016), and 452 from
Evans et al. (2015) (Fig. 1.2). No gene was identified as a selection outlier by all four
studies, however six genes were identified as outliers in common across combinations
of three studies (Table 1.1). Two of these shared outliers were transcription factors,
while a third was a methyltransferase, possibly indicating an important role for transcriptional and epigenetic regulation of gene expression in local adaptation. One gene,
Potri.010G165700, a MYB-like DNA binding protein, showed upregulated expression
in dormant and pre-chilling vegetative and floral buds (www.popgenie.org), a profile
supportive of this gene’s association with bud phenology in GWAS (McKown et al.
2014c).
New candidates for local adaptation have also been found using whole-transcriptome
sequences (ignoring expression) from natural populations to associate coding SNPs
with environmental variation on the landscape. Using this approach in 22 Q. lobata
individuals produced 220,427 SNPs for analysis (Gugger, Cokus, et al., 2016). Of
these, 79 SNPs from 50 genes were significantly associated with climate gradients,
especially minimum temperature and precipitation variables, and most of these genes
were differentially expressed after drought stress (Gugger, Peñaloza-Ramírez, et al.,
2017), suggesting they are likely involved in local adaptation. A few SNPs are in genes
with known roles in response to stimulus or stress (e.g., SAUR-like auxin-responsive
protein family), cold shock protein binding (zinc knuckle family protein), light re-
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sponse or photosynthesis (e.g., cryptochrome 1), and trichome development (Myosin
family protein with Dil domain) in Arabidopsis (Swarbreck et al., 2007). Furthermore,
the 50 candidate genes have elevated levels of genetic diversity, consistent with balancing selection or other mechanisms favoring different alleles in different contexts.
In a similar population RNASeq study in Populus balsamifera, transcriptome-wide
gene expression was compared between northern and southern genotypes grown under common garden conditions (Wang et al., 2014). A total of 4,018 of 32,466 genes
showed differential expression between northern and southern genotypes. Genes that
were more highly expressed in southern genotypes included homologs of the Arabidopsis flowering time pathway (EARLY FLOWERING 3, FLOWERING LOCUS
C, PHYA and CAULIFLOWER). However, unlike in the Quercus study of Gugger,
S Fitz-Gibbon, et al. (2016b), the differentially expressed genes did not harbor SNPs
that showed signatures of local selection (based on F ST or GEA outlier analyses), suggesting that expression divergence is largely uncoupled from nucleotide divergence in
P. balsamifera.
While the underlying goal of these studies is to identify and understand patterns
of adaptive genomic evolution, they also simultaneously address fundamental questions of how genomic diversity is shaped in geographic space. For example, Geraldes
et al. (2014), found that diversifying selection along a latitudinal gradient principally was enriched for phenology and photoperiod related genes. At the same time,
they addressed a classic landscape genetic question about geographic isolation along
riparian zones by demonstrating that populations in connected drainages are more
genetically similar than between drainages. Similarly, Holliday et al. (2016) identified
genes associated with climatic differences in growing season length by testing whether
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adaptation involves selection targeting the same genomic regions between latitudinal
and altitudinal gradients in P. trichocarpa. Their finding of significant overlap in the
outlier regions associated with latitude and altitude provided rare support for the
hypothesis of parallel adaptation along similar environmental gradients in different
geographic regions of the species range.
Merging the unique biology of angiosperm trees with the landscape genetics/genomics program has generated a deep understanding for the connection between landscapes, biodiversity, and the evolutionary processes of gene flow, genetic drift, and
natural selection. The initial goals of the field, as outlined by Manel, Schwartz, et al.
(2003), continue to be relevant and guide research today. Despite analytical hurdles that still exist, applications of new sequencing technologies combined with more
refined analysis methods are generating exciting discoveries.

1.1.2

Challenges and Solutions for Landscape
Studies in Trees

Many landscape genomic studies have borrowed sampling schemes from phylogeography, the study of population lineages across large (e.g. continental) landscapes (Fig.
4.1a). This approach has yielded much information about how genetic and phenotypic variation aligns along environmental gradients (e.g. photoperiod, temperature,
and precipitation) that vary across large geographic regions. However, range-wide
sampling can produce methodological challenges, false positive associations due to
uncontrolled population structure, and biases in our expectations of which genomic
regions are locally adapted. In this section, we review some of the challenges currently
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facing landscape genomics and highlight potential solutions.
Collinear environmental, phenotypic, and genotypic axes
The biological characteristics of trees that make them good candidates for landscape
and ecological genomic studies also generate challenges for studies of natural variation
that require clever study designs and/or novel methodologies to solve. The collinear
variation of environmental, phenotypic, and genomic variation across landscapes is a
major challenge to overcome (Fig. 4.1a, b). For many temperate and boreal species,
the structure of neutral loci following population expansion from glacial refugia mimics the signal of adaptive selection searched for by association methods (Lotterhos
and Whitlock, 2014). Disentangling false positives arising from demographic history
against true positives arising from selection creates a problem for treating landscape
samples as ‘natural experiments’.
Algorithms accounting for demography in a sample of loci have been developed to
reduce the false-discovery rate (FDR) due to population structure, while maintaining
power to avoid false negatives (WY Yang et al., 2012; Günther and Coop, 2013; Frichot et al., 2013; Berg and Coop, 2014). However, deciding where to place a cut-off
value for significance tests remains difficult, given the very large number of tests in
most population genomic datasets. Recently, it was recommended that researchers
create empirical p-values from test statistic distributions derived from putatively neutral loci (Lotterhos and Whitlock, 2014). While it is challenging to know what kind
of locus is truly neutral (e.g. the promoter for TB1, a gene in the QTL that reorganizes teosinte-like to maize-like branching, is 41 kb upstream of the gene; Clark et al.,
2006), selecting intergenic loci and conditioning p-values of candidate loci from them
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should decrease the FDR markedly (Lotterhos and Whitlock, 2014). Additionally,
sampling individuals from regions of the landscape that have experienced the same
demographic history and have low FST can greatly minimize false positives generated
by demography, particularly if covariation of the ecological and environmental variables of interest is present. Thus, future studies on the genomics of local adaptation
will benefit from careful consideration of sampling design and generation of appropriate null expectations, both in terms of individuals on the landscape and SNPs across
the genome.
Validating adaptive associations discovered in natural populations
Local adaptation studies are generating many associations increasing our knowledge
of gene functions (McKown, Klápöt , et al., 2014); however, attempts to validate
these loci using independent evidence is still limited (∆aliÊ et al., 2016). For the most
part, the candidate genes identified across even the most robust studies are different.
Our comparison of four local adaptation studies in P. trichocarpa (McKown, Klápöt ,
et al., 2014; Evans, GT Slavov, et al., 2014; Geraldes, Farzaneh, et al., 2014; Holliday
et al., 2016) using broadly overlapping genomic data sets find few loci in common
(Fig. 1.2). What portion of the many associations not shared between studies result
from false positives, differences in the biology of the samples, or methodological approaches employed? This brings into focus the growing need for functional validation
of adaptation outliers.
Functional validation of genes identified from GWAS can be difficult, however,
when successful, the results are compelling (e.g. Meijón et al., 2014). Genetic approaches to gene validation in trees is possible (Kim et al., 2011), and the advent
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of CRISPR/Cas9 make editing putatively adaptive and non-adaptive alleles of candidate genes even more feasible (Fan et al., 2015; Bono et al., 2015). Thus, we are
optimistic that validation of the most promising candidates using transgenic methods
will be an increasing trend in the future.
Another validation approach for local adaptation studies is to replicate the association, for example by testing the phenotypic effect of the candidate locus segregating
within a pedigreed mapping family (Stinchcombe and Hoekstra, 2008). Trees typically have long generation times and waiting upwards of 4-8 years (for example in
Populus, DiFazio, GT Slavov, et al., 2011) for selected lines to reach reproductive
maturity is not uncommon, and producing advanced generation mapping families is
difficult. Nevertheless, concerted efforts have produced a handful of advanced generation pedigrees for linkage trait mapping in angiosperm trees in Populus (Taylor, 2002)
and several members of the Fagaceae, notably Quercus, Fagus, and Castanea (Kremer
et al., 2012). Long-term mapping populations comprised of hundreds of progeny are
now available for Q. alba at the University of Tennessee, Knoxville and University of
Missouri Center for Agroforesty (http://hardwoodgenomics.org/), as well as for Q.
robur in Europe (Bodénès et al., 2012; Plomion et al., 2016).
However, researchers remain limited when established mapping families do not
segregate for the alleles or traits of interest. Nature, however, has provided additional
solutions to some of these problems, particularly in taxa that extensively hybridize
with congeners, allowing for strategic admixture mapping from natural hybrid zones.
In these zones, naturally occurring F1 s can be selected to produce F2 or backcross
recombinant generations. In Populus, a well known tri-hybrid zone exists in southern
Alberta between P. balsamifera, P. deltoides, and P. angustifolia (Floate, 2004).
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Aided by diagnostic SNP genotyping arrays that identify Populus species and their
hybrids (Isabel et al., 2013), hybrid F1 s as well as every combination of backcrossed
F2 s can be found there (Floate et al., 2016). Hybrid zones between P. balsamifera and
P. trichocarpa are also well known (Geraldes, Farzaneh, et al., 2014), and in Wyoming
and Colorado another tri-hybrid zone has been observed between P. balsamifera, P.
trichocarpa, and P. angustifolia (Chhatre et al., 2018). Using the diverse array of
interspecific hybrids as parents in targeted crosses has the potential to accelerate the
time to production of advanced generation mapping families.
Investment in phenotyping
The exponential decline of genotyping costs (Manel, Perrier, et al., 2016) has shifted
the data collection bottleneck in ecological and landscape genomic studies towards
phenotyping. Phenotyping traits representative of the diversity of developmental
stages and tissue types can be difficult for trees, given their large size, delayed reproductive maturity, massive root systems, and the high cost of establishing and
maintaining long-term common gardens. Increased attention is being devoted to developing standardized methods for high-throughput phenotyping (Brown et al., 2014),
and automated leaf morphology software developed for Populus (Bylesjö et al., 2008)
has been successfully applied to other species (IvetiÊ et al., 2014). Similarly, researchers are beginning to investigate the complexity and adaptive contribution of
below-ground tissues (Madritch et al., 2014) and their symbiotic interactions (Hacquard and Schadt, 2015). However, renewed attention needs to be paid to funding
and maintaining common gardens, sharing and integrating data across gardens for
purposes of meta-analysis, and innovating new methods and approaches to capturing
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phenotypes from common gardens and natural landscapes.
Common gardens play a critical role in landscape genomic studies and connect
genotype to phenotype to environment (Porth, Klapöte, et al., 2013; Evans, GT
Slavov, et al., 2014). Gardens with diverse landscape-scale sampling have been established in Populus, including extensive collections of P. trichocarpa by different
research groups (448 individuals from McKown et al. 2014c, >1,000 individuals from
Evans et al. 2015, and 391 individuals from Holliday et al. 2016), as well as the AgCanBap collection of P. balsamifera (525 individuals; Soolanayakanahally, Guy, Silim,
Drewes, et al., 2009; Soolanayakanahally, Guy, Silim, and Song, 2013), the Swedish
Aspen collection (SwAsp) of P. tremula (116 individuals; Luquez et al., 2008), collections of P. fremontii, P. angustifolia, and their hybrids (hundreds of individuals;
Holeski et al., 2013), and the Chinese P. tomentosa collection (460 individuals; Du
et al., 2014). In oaks, a comprehensive provenance trial for Q. lobata was established
in 2013 at two sites from seeds sourced from 95 locations throughout its distribution
(Delfino-Mix et al., 2015). Funding cycles, however, are too short to support the
long-term maintenance needed for tree studies, and diverse collections of provenance
trials established in the past century have been abandoned and overlooked. Few trials
are still maintained, but interest is rebounding in taking advantage of these historical
resources. For example, a mature provenance trial of approximately 300 trees from
30 populations sampled across the range of the tuliptree (Liriodendron tulipifera) was
planted in the mid-1980’s in Chapel Hill, NC, but was orphaned for much of its existence (Fetter and A Weakley, 2019). Older, but smaller, trials are also available for
Q. alba , including one comprised of 23-year-old trees from 17 populations planted in
three locations in Indiana (Huang et al., 2015).
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While the challenge of establishing and maintaining common gardens will likely
remain in landscape genomics, we need to start thinking more strategically about
how to use and combine these resources, and where applicable, study tree phenotypes in natura. Aggregating trait data from many common gardens would prove
useful for meta-analyses of adaptive phenotypic trends across spatial scales, times,
and even closely related species. Comparative work of this type has begun in Populus (Soolanayakanahally, Guy, Street, et al., 2015), but more awaits. Finding new
opportunities to collaborate and integrate data across research labs hosting common
gardens is needed, and tree biologists should target funding mechanisms to build
research coordination networks around common garden resources.
Landscape genomics would also benefit from testing the transferability of genotypephenotype associations from common gardens to the field. The challenge of landscape
phenomics will define the next generation of studies that seek to close the genotypephenotype-environment triangle of adaptive association. The hurdles, while logistically challenging, are largely technological, and progress in this area is essential to
make meaningful applications of tree management and conservation of genetic resources under environmental change (Pettorelli et al., 2014). Exciting advances in
remote sensing are now being applied to phenotyping forest trees at scales of clonal
stands to entire landscapes (Homolova et al., 2013). For example, remote sensing
of seasonal phenology is being deployed at fine (Toomey et al., 2015) to continental
(Graham et al., 2010) scales, and satellite-based phenology products such as MODIS
provide coarse landscape-scale phenotyping of phenology that correlates with groundbased measurements in Populus (Elmore et al., 2016). This opens doors to connecting
landscape variation in forest phenology with adaptive gradients in allele frequencies
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in genomic regions associated with phenology under controlled experimental conditions. At finer scales of individual trees, measurement of several key phenotypes (e.g.
spring bud flush and plant water balance) may be possible through use of field deployed sensors that detect differences in tree mass using acceleration or reflectance
using light-emitting detectors (e.g., Kleinknecht et al., 2015). While still in need
of further development, landscape-scale phenotyping holds the potential to connect
adaptive genomic variation to forest productivity in natural stands, and is a challenge
that future studies will surely begin to address.

1.1.3

Future Research Directions for Forest Tree
Landscape Genomics

Refinements in genomic sequencing, association methods accounting for demography,
and inclusion of broader evolutionary questions has driven the steady increase of the
impact of landscape genomic studies using angiosperm trees. We make the following
recommendations and predictions for the future of the field:
Growing genomic resources outside of Populus
Genomic resources in Populus are now well-developed and easily accessible (e.g.
www.popgenie.org), but are still lacking for many other angiosperm trees. Increasing
genomic resources in other taxa will allow for more comparative studies that will
increase the impact of what is known from Populus (see Sollars and Buggs, this volume). Genomic resources in Quercus are steadily increasing and are most developed
for the white oaks (Quercus section Quercus). Recently, the first draft oak genome,
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based on a combination of Roche 454, Illumina, and Sanger sequences, was announced
for the ecologically and economically important European white oak, Quercus robur
(Plomion et al., 2016). The genome contains 18 k scaffolds (>2 kb) totaling about 1.3
Gb, which is about 1.7 times the haploid genome size (Kremer et al., 2012). To enable
research in ecological genomics, there are several important improvements underway.
These include the development of a genome sequence with collapsed haplotypes to
facilitate SNP calling, further assembly that utilizes linkage maps and additional sequencing to determine gene order, and structural and functional annotation (Plomion
et al., 2016) that will leverage abundant expressed sequence tags (EST) and RNA-Seq
libraries from a variety of tissues (Ueno et al., 2010; Tarkka et al., 2013; Lesur et al.,
2015).
A draft oak genome is now available for Q. lobata (VL Sork, ST Fitz-Gibbon,
et al., 2016), a threatened western North American species with a population history that stands in contrast to many studied trees (Grivet et al., 2006); entirely on
Illumina sequencing, two complementary assemblies were produced. The first (v0.5)
aggressively collapses haplotypes to optimize its use for SNP calling (Gugger, S FitzGibbon, et al., 2016). The second (v1.0) retains haplotypes and is composed of 18.5
k scaffolds (> 2 kb) with total length of 1.15 Gb (VL Sork, ST Fitz-Gibbon, et al.,
2016). This latter assembly is similar in both size and sequence to that of Q. robur
, with 93% sequence identity and 97% of scaffolds reciprocally aligning. Functional
and structural annotations are derived from an annotated reference transcriptome
assembly for Q. lobata (Cokus et al., 2015) in addition tode novo annotations.
Other resources for eastern North American trees are available from the Hardwood
Genomics Project (http://www.hardwoodgenomics.org/) and from the Fagaceae Ge-
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nomics Web (http://www.fagaceae.org) for many important tree species, including
oaks, chestnuts, sweet gum, beech, and tuliptrees, among others. These include EST
libraries and transcriptome assemblies for Q. alba and Q. rubra that were generated
from a variety of tissues and sequencing platforms, as well as a low-coverage genome
assembly for Q. alba that was constructed for identifying SSRs. Early analyses suggest high similarity with other oaks and broad synteny within Fagaceae (Kremer et
al., 2012; Bodénès et al., 2012; Cokus et al., 2015).
Along with the development of sequence resources, there has been an explosion in
the number of SNPs and SSRs available. Over one million SNPs were discovered in
California oaks, especially Q. lobata (Cokus et al., 2015; Gugger, Cokus, et al., 2016).
Tens of thousands of SNPs are known in Q. robur (Ueno et al., 2010), and recently,
a cross-species genotyping array with over 7k SNPs was developed for European oaks
(Lepoittevin et al., 2015). In addition, thousands of SSRs have been identified in Q.
alba and Q. robur (Durand et al., 2010; Bodénès et al., 2012).
Incorporating gene expression studies
Advances in transcriptomics (JH Lee et al., 2015) and isoform detection (Bernard et
al., 2015) are making it possible to ask new questions about the genomic mechanisms
of local adaptation and the evolution of phenotypes. Integrating gene expression into
selection scans can provide complementary information to SNP genotypes when conducting selection scans and GWAS. Experimental designs that analyze differential
expression dependent on both treatment and source population can produce excellent candidates for inferring local adaptation. In a small greenhouse experiment that
exposed Q. lobata seedlings from three source populations to a drought treatment,
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whole-transcriptome gene expression changes identified 56 genes that had significant
interaction terms (Gugger, Peñaloza-Ramírez, et al., 2017). These genes are primarily involved in metabolic processes, stress response, transport/transfer of molecules,
signaling, and transcription regulation. Given the prevalence of molecules involved in
metabolism, it was hypothesized that local adaptation to drought in oaks may involve
different abilities to metabolize or different ways of altering metabolic activities in
the face of drought.
Differentially expressed genes or isoforms may experience different forms of selection (Hartfield, 2016). Some of these expression differences may be linked to sex
function in dioecious species or monoecious species with imperfect flowers (Geraldes,
Hefer, et al., 2015). Analysis of differential expression during the development of
imperfect flowers in Betula revealed a transcription factor, BPMADS2, involved in
specifying petal and stamen identity and is expressed only in developing male flowers
(Järvinen et al., 2003). Local adaptation in the expression of this transcription factor
may allow for precise timing of male flower development.
Testing the role of epigenetics in local adaptation
NGS is enabling research on the potential role of epigenetic mechanisms of local
adaptation in trees. Cytosine methylation varies among individuals and populations
(Schmitz et al., 2013). It can arise through random mutation (Becker, Hagmann,
et al., 2011), be induced by the environment (Verhoeven et al., 2010), can be stably
inherited (Becker and Weigel, 2012), and may be an additional source of variability
for local adaptation. Early evidence in oaks shows that single methylation variants
(SMVs) in CpG contexts are exceptionally differentiated among populations (Platt,
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Gugger, et al., 2015). In addition, CpG SMVs have strong associations with climate
and specific variants show evidence of local adaptation to temperature stress (Gugger,
Cokus, et al., 2016). Therefore, it is hypothesized that either CpG SMVs are markers
for loci involved in local adaptation or they are under divergent natural selection
themselves. Additional research is needed to better understand the mutation process,
assess heritability, and link methylation to phenotypes.
Genomic predictions of climate change and local adaptation
Understanding the genomics of local adaptation to current environmental conditions
allows us to ask how populations might respond when climates change (V Sork et al.,
2013; Wang et al., 2014; Fitzpatrick and Keller, 2015). For example, research in
Arabidopsis thaliana suggests that the fitness of populations under novel conditions
can be predicted from SNPs in genes involved in local adaptation (Hancock et al.,
2011). 2011). Prediction of fitness from SNPs might be powerfully applied to tree
genomics in studies that pair genotypes with growth traits from common garden
trials. Furthermore, the future genetic composition of populations under climate
change can be modeled, and the degree of mismatch between current and projected
genomic composition can be considered in management planning (Fitzpatrick and
Keller, 2015). Identifying adaptive genotypes under projected climate change may be
critical for conservation of biodiversity and economically important genotypes, core
arguments in favor of assisted migration (Aitken and Bemmels, 2016).
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Assessing the prevalence of adaptive introgression
Oaks, poplars, and many other angiosperm trees are notorious hybridizers with large
effective population sizes readily capable of generating adaptive molecular variation.
An important question for tree genomics is how species are able to maintain their
ecological, morphological, and genomic identities in the face of widespread hybridization, and whether hybridization contributes actively to adaptation in hybrid zones
and outside of them. Genomic tools offer unprecedented opportunities to investigate
the genes relevant to speciation (Wu 2001; Bawa and Holliday, this volume), whether
hybridization facilitates the transfer of beneficial alleles across species boundaries
(Suarez-Gonzalez et al., 2016), the ecological factors that promote or restrict hybridization (Ortego et al., 2014), and how important these processes are for evolution
in trees (Gailing 2014, Gailing and Curtu 2014).
Evidence from European poplars suggests that advanced generation hybrids accumulate genetic incompatibilities that not only decrease their fitness, but are frequently lethal (Christe et al., 2016). Nevertheless, unidirectional or biased introgression of genes occurs frequently in angiosperm trees (Thompson et al., 2010; Geraldes,
Farzaneh, et al., 2014) and fragments of nDNA can introgress across hybrid zones
(Martinsen et al., 2001). In P. tremula , adaptive introgression from Russian to
Swedish populations may have contributed to adaptive shifts in the phenology of
Swedish trees (De Carvalho et al., 2010). Similarly, the high rate of hybridization
in oaks has long been a topic of interest (CH Muller, 1952), and has influenced the
development of the ecological species concept (Van Valen, 1976).
One promising area for future study is to investigate the role of introgression in
responses to pathogens or other sources of plant stress (e.g., cold, drought, soil-metal
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tolerance). What role does adaptive introgression play when interspecific populations
meet in an environment where hybridization increases pathogen or herbivore pressures
(Holeski et al., 2013; Busby et al., 2013)? Do genetic incompatibilities accumulate
in hybridizing populations that limit the ability for adaptive immune responses to
track the movement of pathogens/herbivores as they ’step’ across species boundaries
(Floate et al., 2016)? Some evidence from Populus protease inhibitor genes hints that
introgression may accompany adaptive responses to herbivore enemies (Neiman et al.,
2009). When multiple hybrid zones exist between the same set of species, does unidirectional gene flow create a ’sink species’, biasing the pattern of introgression, or does
local selection play a dominant role regulating which genomic regions preferentially
introgressed? Geraldes, Farzaneh, et al. (2014) hypothesize that hybridizing populations of P. trichocarpa and P. balsamifera in Alaska may be adaptively introgressing
cold tolerance or drought tolerance genes that would experience negative selection in
the southern hybrid zone. Trees seem to be ideal systems studying the interaction
between hybridization and natural selection.
Seeking out understudied systems and questions
The studies we have discussed offer initial insights into how tree genomes evolve in
response to ecological selection pressures, but much work remains to thoroughly understand the molecular basis of local adaptation. Much of the research to date has
emphasized local adaptation with regard to bud phenology, growing season length,
and other sources of abiotic stress. Biotic interactions and non-climate-related environmental adaptation have received far less attention in landscape studies, particularly in the area of pathogen responses, which is an area of critical importance for
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human economies and culture (e.g. coffee trees and leaf rust, Avelino et al., 2012;
the banana and Panama disease, Ordonez et al., 2015). Thus, additional research
is needed to understand local adaptation in a broader array of contexts, especially
those focused on co-evolution and reciprocal selection driven by species interactions
(Whitham et al., 2008). Trees, as foundational species that structure biodiversity,
are ideal subjects for community-level genomic studies.
We must also expand our geographic and taxonomic focus to include understudied regions, environments, and taxa. A quick survey of the angiosperm (and nonangiosperm) tree landscape genetics literature reveals a strong geographical bias for
boreal forest, and, increasingly, temperate forest trees. Although trees from these
regions hold much of the Earth’s biomass, a broader taxonomic and geographic sampling of forest trees is needed to understand the diversity of adaptation in natural
landscapes. Tropical forests harbor incredible ecological diversity (Gentry, 1988) and
the evolutionary findings from boreal and temperate trees regarding the selective environments and the genomic pathways of adaptation in trees may be the exception, not
the rule. Negative density dependent selection, principally from fungal pathogens
(Augspurger, 1984), acts to keep tropical tree diversity high and abundance low
(Bagchi et al., 2014). What effect does negative density dependent selection from
pests and pathogens have on patterns of adaptive genomic diversity in tropical trees?
How is diversifying selection for genes involved in an immune response achieved in
the face of limited gene flow and low abundance (Hamilton, 1999)? Are large effective population sizes sufficient to maintain the supply of standing variation and new
mutations required for trees to keep pace in the arms race against pathogens and
herbivores? Are the spatial scales of local adaptation to pathogens small, moderate,
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or large in tropical forests?
Revisiting the scale and scope of landscape genomic studies
Understanding the genetic determinants of locally adaptive clines is a long-standing
goal of landscape genetics (Manel, Schwartz, et al., 2003). The large-scale, often
range-wide sampling schemes used to investigate clines have become standard in the
tree genomics literature. Multiple studies have discovered adaptive evolution of genes
associated with phenology clines (Keller, N Levsen, Olson, et al., 2012; McKown,
Klápöt , et al., 2014; Evans, GT Slavov, et al., 2014; Geraldes, Farzaneh, et al.,
2014), and indeed, given the high broad-sense heritability of phenology traits (McKown, Guy, Klápöt , et al., 2014) and their direct connection to fitness, one expects
strong local selection. Additional ecological dimensions to local adaptation should
receive greater focus, including different soil chemistries and biotic interactions that
vary across landscapes. A modified scope and sampling design is needed to detect local adaptation that does not vary clinally. Designing studies to more precisely isolate
different environmental gradients can help disassociate correlated predictors that are
common in range-wide studies. For example, temperature and photoperiod both typically covary with latitude, and a researcher interested in temperature adaptation may
have trouble interpreting results from a sampling design oriented along a north-south
gradient. However, a sample from different elevations along a gradient, while keeping
latitude constant, will remove effects of photoperiod. Similar designs have been employed recently to detect parallel adaptation to climate across altitudinal transects
in P. trichocarpa (Holliday et al., 2016). Smaller scale, targeted landscape genomic
studies have much to offer and can unravel new dimensions of local adaptation.
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1.2

Conclusions

The challenge of understanding genomic variation responsible for adaptive phenotypes on the landscape has been fully engaged for more than a decade by scientists
working with angiosperm forest trees. Sequencing and methodological advances have
enabled a deeper understanding of neutral and adaptive variation, but the field stands
short of proving causative relationships between genotype, phenotype, and the environment. The breadth of evolutionary questions continues to grow, as does the taxonomic sampling, and the field is expanding the availability of genomic resources for
a broader array of economically and ecologically important forest trees. Identifying
unique geographic hotspots of genomic diversity on landscapes, even before we fully
understand their adaptive significance, is a valuable contribution to conservation of
tree germplasm during climate change. However, careful consideration of research
questions and the sampling design most likely to yield interpretable results is critical
and will allow for more diverse studies across the many ecological dimensions of local
adaptation. Angiosperm trees will remain important models for studies of adaptive
evolution in the coming years, and the combination of landscape genomics with validation methods have the potential to make significant contributions to conservation,
sustainable development, and our understanding of the natural world.
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1.4

Tables

Table 1.1: Annotations for six genes implicated in local adaptation from range-wide samples
of Populus trichocarpa by four separate studies. (M) McKown et al. (2014c), (G) Geraldes
et al. (2014), (H) Holliday et al. (2016), (E) Evans et al. (2014). Annotations retrieved
from www.popgenie.org.
Gene model

Arabidopsis homolog Gene function

Overlap

Potri.010G212900
Potri.005G073000
Potri.006G257000
Potri.010G165700
Potri.006G225600
Potri.009G017400

AT5G13560
AT5G65270.1
NA
AT3G01140
AT2G26200
AT2G35940.1

M, H, E
G, M, E
G, M, E
G, M, E
G, M, H
G, M, H

NA
GTP binding
membrane protein
transcription factor
methyltransferase
transcription factor HOX domain proteins
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1.5

Figures

38

Figure 1.1: Populations for landscape genomic studies are frequently sampled out of a context of spatially varying genomic structure and environmental change. The genetic structure of P. balsamifera is represented from a sample from 412 reference SNPs genotyped by
(Keller et al. 2010) with three demes observed: low diversity central and western demes, and
a higher diversity eastern deme (a). Environmental gradients abound in nature, and greenness onset is a classic example of a biological phenomenon, controlled by both photoperiod
and temperature, that changes across large geographic areas (b). Eliminating false positives
in selection scans is always challenging; however, fewer false discoveries are observed from
the tail of empirical p-value distributions derived from putatively neutral reference SNPs (c).
This approach is demonstrated with the results of a BayeScan analysis (Foll and Gaggiotti,
2008) of 412 reference SNPs and 335 candidate SNPs from 27 flowering-time genes that
were sampled from the localities in (a). Setting a threshold conditioned with empirical pvalues identifies local selection in SNPs from GIGANTEA 5 (GI5), EARLY BOLTING IN
SHORT DAYS (EBS), PHYTOCHROME-INTERACTING TRANSCRIPTION FACTOR
3 (PIF3), andCASEIN KINASE II BETA CHAIN 3 (CKB3.4). Allele frequency variation
in four SNPs from GI5 are associated with latitude (d). GI5 is involved in light signaling
to the circadian clock and local adaptation of these alleles may allow precise timing of phenology. Figures reproduced, with permission, from M. Fitzpatrick, (a); A. Elmore (b); S.
R. Keller, (c, d).
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McKown

Holliday

182

1116

Geraldes

4

80

Evans
19

465
2

414

1

0
18

4
3

0
11

Figure 1.2: Overlap of candidate genes for local adaptation inPopulus trichocarpa identified
in selection scans by Geraldes et al. (2014), McKown et al. (2014)c, Holliday et al. (2016),
and Evans et al. (2014). No overlap was detected by all studies, but six genes overlapped
among three studies (underlined). Version 2.2 Gene annotations from Geraldes et al. (2014)
were updated to 3.0 for comparisons.
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Abstract
Stomata regulate important physiological processes in plants and are often phenotyped by researchers in diverse fields of plant biology. Currently, there are no user
friendly, fully-automated methods to perform the task of identifying and counting
stomata, and stomata density is generally estimated by manually counting stomata.
We introduce StomataCounter, an automated stomata counting system using a deep
convolutional neural network to identify stomata in a variety of different microscopic
images. We use a human-in-the-loop approach to train and refine a neural network on
a taxonomically diverse collection of microscopic images. Our network achieves 98.1%
identification accuracy on Ginkgo SEM micrographs, and 94.2% transfer accuracy
when tested on untrained species. To facilitate adoption of the method, we provide
the method in a publicly available website at http://www.stomata.uvm.edu.
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2.1

Introduction

Stomata are important microscopic organs which mediate important biological and
ecological processes and function to exchange gas with the environment. A stoma
is composed of a pair of guard cells forming an aperture that, in some species, are
flanked by a pair of subsidiary cells (Bergmann and Sack, 2007). Regulation of the
aperture pore size, and hence, the opening and closing of the pore, is achieved through
changing turgor pressure in the guard cells (Shimazaki et al., 2007). Stomata evolved
to permit exchange between internal and external sources of gases, most notably CO2
and water vapor, through the impervious layer of the cuticle (Kim et al., 2010).
Because of their importance in regulating plant productivity and response to the
environment, stomata have been one of the key functional traits of interest to researchers working across scales in plant biology. At the molecular level, regulation of
stomata has been the subject of numerous genetic studies (see Shimazaki et al., 2007
and (Kim et al., 2010) for detailed reviews) and crop improvement programs have
modified stomata phenotypes to increases yield (Fischer et al., 1998). Stomata also
mediate trade-offs between carbon gain and pathogen exposure that are of interest
to plant ecophysiologists and pathologists. For example, foliar pathogens frequently
exploit the aperture pore as a site of entry. In Populus, some species, and even
populations within species, evolve growth strategies that maximize carbon fixation
through increased stomatal density and aperture pore size on the adaxial leaf surface.
This adaptation results in a cost of increased infection by fungal pathogens which
have more sites of entry to the leaf (McKown et al., 2014). Stomata, as sites of water
vapor exchange, are also implicated in driving environmental change across biomes
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(Hetherington and Woodward, 2003) and variation of stomatal density and aperture
pore length are linked to changes of ecosystem productivity (Wang et al., 2015).
Stomatal traits are of particular interest to paleoecologists and paleoclimatologists
due to the relationship between stomatal traits and gas exchange. Measurements of
stomatal density from fossil plants have been proposed as an indicator of paleoatmospheric CO2 concentration (Royer, 2001), and measuring stomatal traits to predict
paleoclimates has become widely adopted (JC McElwain and Steinthorsdottir, 2017).
It is clear from their physiological importance that researchers across a wide variety of disciplines in plant biology will phenotype stomatal traits for decades to come.
A typical stomatal phenotyping pipeline consists of collecting plant tissue, creating a
mounted tissue for imaging, imaging of the specimen, and manual phenotyping of a
trait of interest. This last step can be the most laborious, costly, and time-consuming
task, reducing the efficiency of the data acquisition and analysis pipeline. This is especially important in large-scale plant breeding and genome-wide association studies,
where phenotyping has been recognized as the new data collection bottleneck, in comparison to the relative ease of generating large genome sequence datasets (Hudson,
2008).
Here, we seek to minimize the burden of high-throughput phenotyping of stomatal traits by introducing an automated method to identify and count stomata from
micrographs. Although automated phenotyping methods using computer vision have
been developed (Higaki et al., 2014; Laga et al., 2014; Duarte et al., 2017; Jayakody
et al., 2017), these highly specialized approaches require feature engineering specific
to a collection of images. These methods do not transfer well to images created with
novel imaging and processing protocols. Additionally, tuning hand-crafted methods
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to work on a general set of conditions is cumbersome and often impossible to achieve.
Recent applications of deep learning techniques to stomata counting have demonstrated success (Bhugra et al., 2018; Aono et al., 2019), but are not easily accessible
to the public and use training data sets sampled from few taxa.
Deep convolutional neural networks (DCNN) circumvent specialized approaches
by training the feature detector along with the classifier (LeCun et al., 2015). The
method has been widely successful on a range of computer vision problems in biology
such as medical imaging (see Shen et al. (2017) for a review) or macroscopic plant
phenotyping (Ubbens and Stavness, 2017). The main caveat of deep learning methods
is that a large number of parameters have to be trained in the feature detector. Improvements in network structure (He et al., 2016) and training procedure (Simonyan
and Zisserman, 2014) have helped training of large networks which incorporate gradient descent learning methods and prove to be surprisingly resilient against overfitting
(Poggio et al., 2017). Nevertheless, a large number of correctly annotated training
images is still required to allow the optimizer to converge to a correct feature representation. Large labeled training sets like the ImageNet database exist (Deng et al.,
2009), but for a highly specialized problems, such as stomata identification, publicly
available datasets are not available at the scale required to train a typical DCNN.
We solve these problems by creating a large and taxonomically diverse training
dataset of plant cuticle micrographs and by creating a network with a human-inthe-loop approach. Our development of this method is provided to the public as a
web-based tool called StomataCounter which allows plant biologists to rapidly upload
plant epidermal image datasets to pre-trained networks and then annotate stomata
on cuticle images when desired. We apply this tool to a the training dataset and
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achieve robust identification and counts of stomata on a variety of angiosperm and
pteridosperm taxa.

2.2
2.2.1

Materials and Methods
Biological Material

Micrographs of plant cuticles were collected from four sources: the cuticle database
(https://cuticledb.eesi.psu.edu/, Barclay, J McElwain, et al., 2007); a Ginkgo
common garden experiment (Barclay and Wing, 2016); a new intraspecific collection
of balsam poplar (Populus balsamifera); and a new collection from living material
at the Smithsonian, National Museum of Natural History (USNM) and the United
States Botanic Garden (USBG) (Table 2.1). Specimens in the cuticle database collection were previously prepared by clearing and staining leaf tissue and then imaged.
The entire collection of the cuticle database was downloaded on November 16, 2017.
Downloaded images contained both the abaxial and adaxial cuticles in a single image,
and were automatically separated with a custom bash script. Abaxial cuticle micrographs were discarded if no stomata were visible or if the image quality was so poor
that no stomata could be visually identified by a human. Gingko micrographs were
prepared by chemically separating the upper and lower cuticles and imaging with an
environmental SEM Barclay and Wing, 2016. To create the poplar dataset, dormant
cuttings of P. balsamifera genotypes were collected across the eastern and central portions of its range in the United States and Canada by S.R. Keller et al. and planted in
common gardens in Vermont and Saskatchewan in 2014. Fresh leaves were sampled
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from June to July 2015 and immediately placed in plastic bags and then a cooler
for temporary storage, up to three hours. In a laboratory, nail polish (Sally Hansen,
big kwik dry top coat #42494) was applied to a 1 cm2 region of the adaxial and
abaxial leaf surfaces, away from the mid-vein, and allowed to dry for approximately
twenty minutes. The dried cast of the epidermal surface was lifted with clear tape
and mounted onto a glass slide. The collection at the USNM and USBG was made
similarly from opportunistically sampled tissues of the gardens around the National
Museum of Natural History building. USBG collections were focused on the Hawaiian, southern exposure, and medicinal plant, and tropical collections. The taxonomic
identity of each specimen was recorded according to the existing label next to each
plant. The USNM/USBG collection was imaged with an Olympus BX-63 microscope
using differential interference contrast (DIC). Some specimens had substantial relief
and z-stacked images were created using cellSens image stacking software (Olympus
Corporation). Slides were imaged in three non-adjacent areas per slide. The poplar
collection was imaged with an Olympus BX-60 using DIC and each slide was imaged
in two areas. Mounted material for the USNM/USBG and Ginkgo collections are
deposited in the Smithsonian Institution, National Museum of Natural History in the
Department of Paleobiology. Material for the poplar collection is deposited in the
Keller laboratory in the Department of Plant Biology at the University of Vermont,
USA. The training dataset totaled 4618 images (Table 2.1).

2.2.2

Deep Convolutional Neural Network

We used a deep convolutional neural network (DCNN) to generate a stomata likelihood map for each input image, followed by thresholding and peak detection to
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localize and count stomata (Fig. 1). Because dense per-pixel annotations of stoma
versus non-stoma are difficult to acquire in large quantity, we trained a simple image classification DCNN based on the AlexNet structure instead (Krizhevsky et al.,
2012), and copied the weights into a fully convolutional network to allow per-location
assessment of stomata likelihood. Although this method does not provide dense perpixel annotations, the resulting resolution proved to be high enough to differentiate
and count individual stomata.
We used pre-trained weights for the lowest five convolutional layers from conv1
to conv5. The weights were taken from the ILSVRC image classification tasks (Russakovsky et al., 2015) made available in the caffenet distribution (Jia et al., 2014).
All other layers were initialized using Gaussian initialization with scale 0.01.
Training was performed using a standard stochastic gradient descent solver as in
Krizhevsky et al. (2012), with learning rate 0.001 for pre-trained layers and 0.01 for
randomly initialized layers with a momentum of 0.9. Because the orientation of any
individual stomata does not hold information for identification, we augmented data by
rotating all training images into eight different orientations, applied random flipping
and randomly positioned crop regions of the input size within the extracted 256x256
image patch. For distractors, we sampled patches from random image regions on
human-annotated images that were at least 256 pixels distant from any labeled stoma.
The trained network weights were transferred into a fully convolutional network (Long
et al., 2015), which replaces the final fully connected layers by convolutions. To
increase the resolution of the detector slightly, we reduced the stride of layer pool5
from two to one, and added a dilation (Yu and Koltun, 2015) of two to layer f c6conv
to compensate. Due to margins (96 pixels) and stride (32 over all layers), application
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of the fully convolutional network to an image of size s yields an output probability
map p of size s ≠ (96 ú 2)/32 along each dimension.

To avoid detecting low-probability stomata within the noise, the probability map

p was thresholded and all values below the threshold p-thresh=0.98 were set to zero.
Local peak detection was run on a 3x3 pixel neighborhood on the thresholded map,
and each peak, excluding those located on a 96-pixel width border, was labeled as
a stoma center. This intentionally excludes stomata for which the detection peak is
found near the border within the model margin to match the instructions given to
human annotators. Resulting stomata positions were projected back onto the original
image (see Fig. 2.2).
We built a user-friendly web service, StomataCounter, freely available at http:
//stomata.uvm.edu/, to allow the scientific community easy access to the method.

We are using a flask/jquery/bootstrap stack. Source codes for network training,
as well as the webserver are available at http://stomata.uvm.edu/source. To
use StomataCounter, users upload single .jpg images or a zip files of of their .jpg
images containing leaf cuticles prepared. Z-stacked image sets should be combined
into single image before uploading. A new dataset is then created where the output
of the automatic counts, image quality scores and image metadata are recorded and
can easily be exported for further analysis.
In addition to automatic processing, the user can manually annotate stomata and
determine the empirical error rate of the automatic counts through a straightforward
and intuitive web interface. The annotations can then be reincorporated into the
training dataset to improve future performance of StomataCounter by contacting the
authors and requesting retraining of the DCNN.
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2.2.3

Statistical Analyses

We tested the performance of the DCNN with a partitioned set of images from each
dataset source. Whenever possible, images from a given species were used in either the
training or test set, but not both, and only 7 out of 1467 species are included in both.
In total, 1941 images were used to test the performance of the network (Table 2.1).
After running the test set through the network, stomata were manually annotated.
If the center of a stoma intersected the bounding box around the perimeter of the
image, it was not counted.
To evaluate the DCNN, we first determined if it could identify stomata when they
are known to be present and fail to identify them when they are absent. To execute
this test, a set of 25 randomly selected abaxial plant cuticle micrographs containing
stomata were chosen from each of the four datasets for a total of 100 images. To
create a set of test images known to lack stomata, 100 adaxial cuticle micrographs
were randomly sampled from the cuticle database. Visual inspection confirmed that
none of the adaxial images contained stomata. Micrographs of thoracic aorta from
an experimental rat model of preeclampsia (Johnson and Cipolla, 2017), and breast
cancer tissue micrographs (Gelasca et al., 2008) were used as negative controls from
non-plant material. As a second test, we deteremined how well the method could
identify stomata from stomatal patterning mutants in Arabidopsis that violate the
single cell spacing rule. We sampled images from Papanatsiou et al. (2016) including
88 tmm1 and 90 wild type micrographs, and used a paired t-test to determine if
counts from manual or automatic were statistically different. We then determined if
the precision (see below) was different between mutant and wild type accessions with
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ANOVA.
Identification accuracy is tested by applying the DCNN to a small image patch
either centered on a stoma (target), or taken from at least 256 pixels distance to any
labeled stomata (distractor). This yields true positive (NT P ), true negative (NT N ),
false positive (NF P ) and false negative (NF N ) samples. We define the classification
accuracy A as:

A =

NT P

NT P + NT N
+ NT N + NF P + NT P

We define classification precision P as:

P =

NT P
NT P NF P

We assume the human counts contain only true positives and the automatic count
contain true positives and false positives. As such, we define precision as:
A

Human Count
Precision = log
Automatic Count

B

This definition of precision identifies over-counting errors as negative values and
under-counting as positive values. This measure of precision is undefined if either
manual or automatic count is zero, and 30 of the 1772 observations were discarded.
These samples were either out of focus, lacked stomata entirely, or too grainy for
human detection of stomata. Classification recall R was defined as:

R =

NT P
NT P + NF N
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Classification accuracy, precision, and recall, were calculated from groups of images constructed to span the diversity of imaging capture methods (i.e. brightfield,
DIC, and SEM) and magnification (i.e. 200x and 400x) to determine how well the
training set from one group transfers to identifying stomata in another group. Groups
used for transfer assessment were the cuticle database, the Ginkgo collection, micrographs imaged at 200x, at 400x, and the combined set of images.
We use linear regression to understand the relationship between human and automatic stomata counts. For the purpose of calculating error statistics, we consider
deviation from the human count attributable to error in the method. Images were
partitioned for linear models by collection source, higher taxonomic group (i.e. Eudicot, Monocot, Magnoliid, Gymnosperm, Fern, or Lycophyte), and magnification.
To understand how different sources of variance contribute to precision variance, we
collected data on the taxonomic family, magnification, imaging method, and three
measures of image quality. The taxonomic family of each image was determined using the open tree of life taxonomy accessed with the rotl package (Michonneau et al.,
2016). Two image quality measures used were based on the properties of an image’s
power-frequency distribution tail and described the standard deviation (fSTD) and
mean (fMean) of the tail. Low values of fSTD and fMean indicate a blurry image,
while high values indicate non-blurry images. The third image quality measure, tEntropy, is a measure an image’s information content. High entropy values indicate high
contrast/noisy images while low values indicate lower contrast. These image quality
measures were created with PyImq (Koho et al., 2016) and standardized between
zero and one. Random effects linear models were created with the R package lme4
(Bates et al., 2014) by fitting log precision to taxonomic family, magnification, and
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imaging method as factors. Linear models were fit for the scaled error and image
quality scores. We used the root mean square error (RMSE) of the model residuals to
understand how the factors and quality scores described the variance of log precision.
Higher values of RMSE indicate larger residuals. Statistical analyses were conducted
in python and R (R Core Team, 2013). Stomata counts, image quality scores, and
taxonomy of training and test set micrographs are provided in supporting information
table S1. Images used for the training and test sets are available for download from
dryad (https://doi.org/10.5061/dryad.kh2gv5f).

2.3
2.3.1

Results
Stomata detection

StomataCounter was able to accurately identify and count stomata when they were
present in an image. False positives were detected in the adaxial cuticle, aorta, and
breast cancer cell image sets at low frequency (Fig. S2.1). The mean number of
stomata detected in the adaxial, aorta, and breast cancer image sets was 1.5, 1.4,
and 2.4, respectively, while the mean value of the abaxial set containing stomata was
24.1.
Stomata measured from micrographs of mutant and wild type Arabidopsis by
human and automatic counting showed few differences between counting method
(Fig. S2.2). A paired T-test of human and automatic counts failed to reject the
null hypothesis of no difference in means (t = -0.91, df = 175, p-value = 0.37), but
precision was different between wild type and mutant genotypes (ANOVA: F-value =
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28.82, p-value = 2.51e≠07 ). The variance of precision in Col-0 accessions (‡ 2 = 0.189)
was higher than the mutant accessions (‡ 2 = 0.153), possibly due to image capture
settings on the microscope.
Correspondence between automated and human stomata counting varied among
the respective sample sets. There was close agreement among all datasets to the
human count, with the exception of some of the samples imaged at 200x magnification
(Fig. 2.3a-c). In these samples, the network tended to under count relative to human
observers. Despite the variation among datasets and the large error present in the
200x dataset, the slopes of all models were close to 1 (Table 2.2). The 400x, Ginkgo,
and cuticle database sets all performed well at lower stomata counts, as indicated by
their proximity to the expected one-to-one line and decreased in precision as counts
increased.
Precision has a non-linear relationship with image quality, and changes in variance
of precision are correlated with variation of image quality. With a ratio of 17:1 images
in the training vs. test sets, the Poplar dataset had the best precision, followed by
the Ginkgo, Cuticle database, and USNM/USBG datasets (Fig. 2.3d). Among the
different imaging methods, SEM had the best precision, followed by DIC, and finally
and brightfield microscopy (Fig. 2.3e). The variance of precision is higher for images
with 200x magnification (Fig. 2.3f). RMSE values were lowest for taxonomic family
and the family:magnification interaction, suggesting these factors contributed less
to deviations between human and automated stomata counts than image quality or
imaging method (Table 2.3).
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2.3.2

Classification accuracy

The peak accuracy (94.2%) on the combined test sets is achieved when all training
sets are combined (Fig. 2.6). The combined dataset performs best on all test subsets
of the data; i. e. adding additional training data - even from different sets - is always
beneficial for the generalization of the network. Accuracy from train to test within a
single species is higher (e. g. Ginkgo training for Ginkgo test at 97.4%) than transfer
within datasets with a large number species across families (400x training to 400x
test: 85.5%).
The network does not generalize well between vastly different scales, i.e. the 200xdataset, which contains images downscaled to half the image width and height. In
this case, only training within the same scale achieves high accuracy (97.3%), while
adding additional samples from the larger scale reduces the performance (to 90.7%).
Precision values are generally higher than recall (0.99 precision on the combined
training and test sets; 0.93 recall, Fig. S2.3), which shows that we mostly miss
stomata rather than misidentifying non-existing stomata.
Increased training size is correlated with increased accuracy (Fig. 2.4), and providing a large number of annotated images is beneficial, as it lifts training accuracy
from 72.8% with a training set of ten images to 94.2% with the complete set of training
images.
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2.4

Discussion

Stomata are an important functional trait to many fields within plant biology, yet
manual phenotyping of stomata counts is a laborious method that has few controls on
human error and reproducibility. We created a fully automatic method for counting
stomata that is both highly sensitive and reproducible, allows the user to quantity
error in their counts, but is also entirely free of parameter optimization from the user.
Furthermore, the DCNN can be iteratively retrained with new images to improve
performance and adjust to the needs of the community. This is a particular advantage
of this method for adjusting to new taxonomic sample sets. However, new users are
not required to upload new image types or images from new species for the method
to work on their material. The pre-loaded neural network was specifically trained on
diverse set of image types and from many species (N = 739).
As the complexity of processing pipelines in biological studies increases, reproducibility of studies increasingly becomes a concern (Vieland, 2001). Apart from the
reduced workload, automated image processing provides better reproducibility than
manual stomata annotations. For instance, if multiple experts count stomata, they
may not agree, causing artificial differences between compared populations. This
includes how stomata at the edge of an image are counted, and what to do with
difficult to identify edge cases. Automatic counters will have an objective measure,
and introduce no systematic bias between compared sets as long as the same model
is used. Additionally, our human counter missed stomata that the machine detected
(Fig. 2.5).
Our method is not the first to identify and count stomata. However, previous
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methods have not been widely adopted by the community and a survey of recent
literature indicates manual counting is the predominant method (Liu et al., 2018;
Morales-Navarro et al., 2018; Sumathi et al., 2018; Peel et al., 2017; Takahashi et
al., 2015). Previous methods relied on substantial image pre-processing to generate
images for thresholding to isolate stomata for counting (Oliviera et al., 2014; Duarte
et al., 2017). Thresholding can perform well in a homogenous collection of images, but
quickly fails when images collected by different preparation and microscopy methods
are provided to the thresholding method (K. Fetter, pers. obs.). Some methods also
require the user to manually segment stomata and subsequently process those images
to generate sample views to supply to template matching methods (Laga et al., 2014).
Object-oriented methods (Jian et al., 2011) also require input from the user to define
model parameters. These methods invariably requires the user to participate in the
counting process to tune parameters and monitor the image processing, and are not
fully autonomous. More recently, cascade classifier methods have been developed
which perform well on small collections of test sets (Vialet-Chabrand and Brendel,
2014; Jayakody et al., 2017). Additionally, most methods rely on a very small set of
images (50 to 500) typically sampled from just a few species or cultivars to create the
training and/or test set (e.g., Bhugra et al., 2018).
Apart from generalization concerns, several published methods require the user
to have some experience coding in python or C++, a requirement likely to reduce
the potential pool of end users. Our method resolves these issues by being publicly
available, fully autonomous of the user, who is only required to upload jpeg formatted
images, is free of any requirement for the user to code, and is trained on a relatively
large and taxonomically diverse set of cuticle images. Users may wish to set up
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StomataCounter locally on their own servers, and we have integrated the python
scripts into an offline program users can run at the command line. The command line
version is available in the github repository: https://github.com/SvenTwo/epidermal.
Users can generate model weights from a custom set of training images and supply
it to the image processing script for stomatal identification, or use the predefined
weights generated from this work.
We have demonstrated that this method is capable of accurately identifying stomata when they are present, but false positives may still be generated by shapes in
images that approximate the size and shape of stomata guard cells. Conversely, false
negatives are generated when a stomata is hidden by a feature of the cuticle or if poor
sample preparation/imaging introduces blur. This issue is likely avoidable through
increased sample size of the training image set and good sample preparation and microscopy techniques by the end user. The method is also able to detect stomata from
mutant Arabidopsis genotypes that violate the single spacing rule.
The importance of having a well-matched training and testing image set was apparent at 200x, where there was a subset of observations with low transfer accuracy
(Fig. 2.6), and StomataCounter consistently under counted relative to human observation (Fig. 2.3). We argue that transferring architecture between scales is not
advisable and images should be created by the user to match the predominant size
(2048x2048) and magnification (400x) of images in the training network. Our training
set of images spanned 82 different families and was over-represented by angiosperms.
Stomata in gymnosperms are typically sunken into pores that make it difficult to
obtain good nail polish casts. Models tested to explain variation in scaled error revealed that taxonomic family and its interaction with magnification were the factors
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that had the best explanatory power for scaled error. Future collections of gymnosperm cuticles could be uploaded to the DCNN to retrain it in order to improve
the performance of the method for gymnosperms.
More generally however, this highlights how users will need to be thoughtful about
matching of training and test samples for taxa that may deviate in stomata morphology from the existing reference database. We therefore recommend that users working
with new or morphologically divergent taxa first run several pilot tests with different
magnification and sample preparation techniques to find optimal choices that minimize error for their particular study system. SEM micrographs had the least amount
of error, followed by DIC, and finally brightfield (Fig. 2.3g-i). Lastly, image quality
was strongly related to log precision; predictably, images that are too noisy (i.e. high
entropy) and out-of-focus (low fMean or fSTD) will generate higher error. Obtaining high quality, in-focus images should be a priority during data acquisition. We
provide these guidelines for using the method, and recommend that users read these
guidelines before collecting a large quantity of images:

• Collect sample images using different microscopy methods from the same tissues.
We recommend an initial collection of 25 to 100 images prior to initiating a new
large-scale study.
• Run images through StomataCounter.
• Establish a ’true’ stomata count using the annotation feature.
• Regress image quality scores (automatically provided in output csv file) against
log precision.
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• Regress human versus automatic counts and assess error.
• Choose the microscopy method that minimizes error and image the remaining
samples.

Different microscopy methods can include using DIC or phase contrast filters, adjusting the aperture to increase contrast, or staining tissue and imaging with under
fluorescent light (see Eisele et al., 2016 for more suggestions). If a large collection of
images is already available and re-imaging is not feasible, we recommend the users
take the following actions:

• Randomly sample 100 images.
• Upload the images to StomataCounter.
• Annotate images to establish the ’true’ count.
• Explore image quality scores with against the log(precision) to determine a
justifiable cut-off value for filtering images.
• Discard images below the image quality cut-off value.

New users can also contact the authors through the StomataCounter web interface
and we may retrain the model to include the 100 annotated images.
Fast and accurate counting of stomata increases productivity of workers and decreases the time from collecting a tissue to analyzing the data. Until now, assessing
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measurement error required phenotyping a reduced set of images multiple times by,
potentially, multiple counters. With StomataCounter, users can instantly phenotype
their images and annotate them to create empirical error rates. The open source code
and flexibility of using new and customized training sets will make StomataCounter
and important resource for the plant biology community.
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2.8

Tables

Table 2.1: Description of the datasets used for training and testing the network. Abbreviations: DIC, Differential interference contrast; SEM, scanning electron microscopy.
Training
Dataset

N images

Test

N species

N images

N species

Poplar
3123
Ginkgo
408
Cuticle DB
678
USNM/USBG 409
Aorta
-

1
1
613
124
-

175
200
696
696
116

1
1
599
132
1

Breast Cancer

-

58

1

-

Preparation
method
Nail polish
Lamina peel
Clear & stain
Nail polish
Elastic-Van Gieson
Hematoxylin
& eosin stain

Imaging
method
DIC
SEM
Brightfield
DIC, SEM1
Brightfield
Brightfield

Total
4618
739
1941
735
Note: 1) Training SEM N = 15; 2) training set, N = 4.
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Z-stacks
applied
no
no
no
200, 400 yes
no

Magnification

Citation

400
200
400
1002 ,
40

This paper
Barclay and Wing, 2016
Barclay, J McElwain, et al., 2007
This paper
Johnson and Cipolla, 2017

no

Gelasca et al., 2008

Table 2.2: Summary of linear model fit parameters in Figure 2.3 for different test datasets.
Dataset definitions given in text. Abbreviations: y-intercept, a; standard error, SE. †200x
images removed from this USNM/USBG set. Significance indicated by: ú : P < 0.05; úú :
P < 0.01; úúú : P < 0.001.

(A) Dataset
Cuticle DB
a
3.315úúú
SEa (0.635)
s
0.853úúú
SEs (0.029)
r2
0.578

Poplar
0.823
(0.456)
0.978úúú
(0.014)
0.964

(B) Taxonomic group
Eudicot Monocot
a
10.405úúú 2.360úúú
SEa (1.643)
(0.598)
úúú
s
0.808
0.808úúú
SEs (0.063)
(0.056)
2
r
0.141
0.617

Ginkgo
-0.364
(0.677)
0.832úúú
(0.028)
0.812

USNM/USBG USNM/USBG†
10.068úúú
-0.695
(2.041)
(0.5)
0.997úúú
1.167úúú
(0.089)
(0.026)
0.157
0.835

Magnoliid
4.360ú
(1.844)
0.912úúú
(0.086)
0.272

(C) Magnification
200x
400x
***
a
18.346
1.446***
SEa (3.192)
(0.381)
***
s
0.654
0.970***
SEs (0.123)
(0.017)
r2
0.055
0.740
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Gymnosperm
0.004
(0.735)
0.830úúú
(0.031)
0.778

Fern
0.624
(0.474)
0.799úúú
(0.039)
0.938

Lycophyte
0.771
(1.414)
0.751úú
(0.169)
0.739

Table 2.3: Root mean square error (RMSE) of the model residuals. Lower RMSE values
suggest a better fit of the model. The response in each model was precision. Abbreviations:
fMean, mean power-frequency tail distribution; fSTD, standard deviation of power-frequency
tail distribution.
Model

RMSE

≥ family

0.463

≥ magnification

0.523

≥ imaging method

0.519

≥ fSTD

0.523

≥ family:magnification

0.399

≥ fMean

0.523

≥ tEntropy

0.521

≥ tEntropy:imaging method
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0.515

2.9

Figures

Figure 2.1: Architecture of the deep convolutional neural network (DCNN) and classification
tasks. Left: Training and testing procedure. First column: Target patches were extracted and
centered around human-labeled stomata center positions; distractor patches were extracted
in all other regions. A binary image classification network was trained. Second column: The
image classification network was applied fully convolutional to the test image to produce a
prediction heatmap. On the thresholded heatmap, peaks were detected and counted.
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Figure 2.2: Sample sizes of images for the top 20 families represented in the training (yellow) and test (blue) datasets (a). Examples of pre- and post-analysis images. A probability
heatmap map is overlain onto the input image in the red channel. Detected stomata marked
with circles with peak values given in green (b). Species in image pairs: Adiantum peruvianum, Begonia loranthoides (top row); Chaemaerauthum gadacardii, Echeandia texensis
(second row); Ginkgo biloba, Populus balsamifera (third row); Trillium luteum, Pilea libanensis (bottom row). Scale bars in row one and two equal 20 µm, scale bars in row three
equal 25 µm, and scale bars in row four equal 50 µm.
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Figure 2.3: Results of human and automatic counts and precision for each dataset organized
by collection source (a,d), taxonomic group (b), and magnification (c), and imaging method
(e). Precision and image quality scores have non-linear relationships, and changes in variance correlate to image quality (g-i). Positive values of precision indicate undercounting of
stomata relative to human counts, while negative values indicate overcounting. The dotted
black line is the 1:1 line. See Table 2.2 for model summaries. Abbreviations: tEntropy,
image entropy ;fMean, mean power-frequency tail distribution; fSTD, standard deviation of
power-frequency tail distribution.
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Figure 2.4: Accuracy by training image count and the effect of increasing the training set
size on classification accuracies. Since classification is a binary task, chance level is at 50%.
Training image count “all” includes all 4,618 annotated training images.

False Negatives
Human-annotated stomata
Machine-annotated as non-stomata

False Positives
Human-annotated as non-stomata
Machine-annotated as stomata

Figure 2.5: Samples that were mislabeled with high confidence by either the machine or
human. False negatives (left panel) from stomata that were detected by the human, but
not by the machine. Image features typically generating false negatives are blurry images,
artifacts obstruction the stomata, low contrast between epidermal and guard cells, and very
small scale stomata. False positives (right panel) are image features that are labeled by the
machine as stomata, but not by the human counter, or are missed by the human counter (e.g.
top and bottom right images in the panel). Errors typically generating false positives are
image artifacts that superficially resemble stomata, particularly shapes mimicking interior
guard cell structure.
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Figure 2.6: Accuracies for models trained on different training datasets (vertical), tested on
different test datasets. Combined is a union of all training and test sets. For precision and
recall values, see Supporting Information Fig. S2.3.
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Figure S2.1: Stomata identification test results
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Figure S2.2: Stomata identification in Arabidopsis cell-patterning mutants.

97

Figure S2.3: Precision and recall of transferred training and testing datasets.
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Abstract
Natural selection can remove maladaptive genotypic variance from populations, leaving reduced phenotypic variation as a signal of its action. Hybrid populations offer a
unique opportunity to study phenotypic variance before selection purifies it, as these
populations can have increase genotypic and phenotypic variance than can reveal
trade-offs and selection conflicts not visible, or visible to a lesser extent, in unadmixed populations. Here, we study the interactions between a fungal leaf rust disease
(Melampsora medusae) and stomata and ecophysiology traits in a set of hybrid and
unadmixed individuals formed by natural matings between Populus balsamifera, P.
trichocarpa, P. angustifolia, and P. deltoides. Phenotypes were measured on cloned
genotypes grown in a common garden and genotyped at 227K SNPs with GBS. Our
analyses indicate hybridization decreases disease resistance and increases the variance of stomatal ratio (SR), or the ratio of upper leaf surface stomata density to total
stomata density. Heritability of SR was high in admixed populations (H 2 = 0.72) and
covaries strongly with the proportion of P. balsamifera ancestry in a genome; thus,
selection could effectively reduce disease by selecting for low values of stomatal ratio.
However, selection conflicts present in some admixed populations may prevent adaptation to pathogens as a result of these populations being unable to occupy adaptive
trait space along the growth-defense spectrum. These results suggest an important
role for SR and stomatal patterning traits as a target of pathogen induced selection
to achieve local fitness optima. Additionally, we demonstrate that hybridization is
capable of generating, or magnifying maladaptive intermediate phenotypes to reveal
trade-offs and selection conflicts.
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3.1

Introduction

Trade-offs arise when selection on fitness components is constrained by negative correlations between pairs of traits (Stearns, 1989; Schluter et al., 1991). In plants,
an important life history trade-off is between size and the age of first reproduction,
with delayed reproduction correlating with longer fertility and higher quality offspring
that have a greater chance of survival (Stearns, 1989). However, plants must cope
with numerous natural enemies (e.g. herbivores and pathogens), and delaying reproduction can come at a high cost if diverting limited resources to defense away
from reproduction reduces fitness (Obeso, 2002). Depending on pathogen prevalence,
plant life histories generally evolve towards increased investment in defensive enzymes
and compounds paired with slower growth, or decreased investment in defense paired
with faster growth. The fast-slow trade-off has been consistently identified in annuals
(Tian et al., 2003), perennials (Messina et al., 2002), and long-lived trees (McKown,
Guy, et al., 2014; McKown, Klápöt , et al., 2019), although this hypothesis is not
without its critics (Kliebenstein, 2016).
At the molecular level, the plant growth-defense trade-off is regulated by cellular
signaling and hormonal regulation to direct metabolic activity away from growth
and towards defense, or vice versa (Tian et al., 2003; Wang, 2012; Chandran et al.,
2014). Host plant species may evolve a variety of costly defenses to combat disease,
including the evolution of structural phenotypes to reduce exposure to pathogens
(Gonzales-Vigil et al., 2017), immune systems to detect pathogens (Dangl and Jones,
2001) in order to initiate appropriate responses (Cai et al., 2018), and resistance via
constitutive or inducible synthesis of defensive compounds (Bailey et al., 2005; Ullah
107

et al., 2018). Hosts may also avoid disease by migrating out of environments where
a pathogen spatially or temporally occurs (Altizer et al., 2011), by colonizing new
environments where the pathogen is absent (Bruns et al., 2018), or by evolving life
history strategies that avoid or compensate for pathogen exposure (Stearns, 1989).
The phenotypic expression of growth-defense trade-offs may be altered by hybridization between parental species that have evolved different strategies of growth
or defense. Hybridization is an important mechanism for evolutionary change, and
has been implicated in the maintenance of species boundaries due to negative selection on advanced generation hybrids (Christe et al., 2016), introgression of beneficial
alleles across species barriers (Chhatre et al., 2018), and, among other evolutionary
phenomena, speciation (Mallet, 2007). It is well-known that hybridization changes
the mean and variance of traits in hybrid populations with regards to either parental
species; indeed, crop breeders intentionally create hybrids to take advantage of hybrid vigor and transgressive segregation in F1 hybrids to increase yields and select
for novel phenotypic combinations (Goulet et al., 2017). Transgressive segregation in
hybrids is a source of new phenotypes for selection to act upon in natural populations
(Goulet et al., 2017), and the balance between competing fitness components underlying trade-offs can change in hybrid populations (Ellstrand and Schierenbeck, 2000).
For example, hybrid Salix eriocephala x sericea have an increase in disease severity
to willow leaf rust (Melampsora sp.) by a factor of 3.5 in comparison to unadmixed
parents (Roche and Fritz, 1998). Thus, it is apparent that hybridization can have
beneficial and deleterious effects on fitness, but the role of hybridization in revealing
fitness trade-offs that are not evident, or cryptic, within the parental species has been
little explored.
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One scenario where a trade-off between plant growth and defense may arise is
the relationship between stomatal traits and infection by fungal pathogens. Stomata
are microscopic valves on the surface of the leaf that regulate gas exchange during
photosynthesis. Some foliar pathogens enter their hosts via stoma by sensing the
topography of the leaf surface for guard cells, and forming an appressorium over a
stoma from which a penetration peg is used to invade the mesophyll tissue (Allen et
al., 1991). The plant immune system has evolved mechanisms for detecting pathogens
which can activate signal transduction pathways that lead stomatal closure (Melotto
et al., 2006). However, closing stomata comes at the expense of limiting gas exchange,
which may have negative effects on carbon assimilation depending on the water-use
efficiency of photosynthesis. Thus, the conditions for the evolution of a growth-defense
trade-off mediated by selection on stomata exists. Hybridization may be expected
to shift genotypes along the trade-off continuum, and when competing strategies
inherited from either parent meet in a hybrid, we may expect a mismatch between
the optimal survival and growth strategy to result in increased disease.
In this study, we test for the effects of hybridization on disease severity and stomatal related growth traits, and investigate if hybridization reveals trade-offs and selection conflicts that may be masked in unadmixed populations. We use a sample
of naturally formed hybrid genotypes between North American poplars infected by a
common leaf rust of poplars, Melampsora medusae. We specifically ask the following
questions: 1) how does hybridization change trait distributions, and does it alter heritable variation; 2) which traits correlate most strongly with disease severity; 3) are
there selection trade-offs between growth, disease severity, and stomatal traits; and
4) does hybridization reveal selection conflicts between traits underlying growth and

109

defense?

3.2
3.2.1

Materials & Methods
Study system

Poplars (Populus) are a genus of predominantly holarctic tree species (DiFazio et
al., 2011). Extensive hybridization between species within a section of the genus,
as well as between some sections, make the taxonomy of the genus difficult (Eckenwalder, 1996), with some authors identifying 29 (Eckenwalder, 1996) to as many as
60 species (Raven and Wu, 1999). Hybrids can be formed from species pairs within
and between Populus sections Tacamahaca and Aigeiros, and extensive hybrid zones
spontaneously form in where the ranges of two reproductively compatible species
meet (Suarez-Gonzalez, Lexer, et al., 2018). Western North America contains several well documented hybrid zones (Martinsen et al., 2001; LeBoldus et al., 2013;
Chhatre et al., 2018; Suarez-Gonzalez, Hefer, Lexer, Douglas, et al., 2018), including
a tri-hybdrid zone in Alberta, Canada (Floate et al., 2016). In this study, we work
with hybrids formed from crosses between the section Tacamahaca species balsam
poplar (P. balsamifera), and either a black balsam poplar (P. trichocapra), a narrowleaf cottonwood (P. angustifolia), or an eastern cottonwood (P. deltoides) from the
Populus section Aigeiros. We lack information on the which species served as the
maternal vs. paternal parent for each hybrid, so we adopt the convention of listing
the P. balsamifera parent first.
The disease we study is from the fungal leaf pathogen Melampsora medusae, a
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macrocyclic basidiomycete whose aecial host is a larch (Larix), and telial host is a
poplar (Feau et al., 2007). Uredospores (N + N) of M. medusae can clonally reproduce
on poplar leaves within a single season, and the closely related M. larici-populina is
an agricultural pest that can reduce yields of hybrid poplars grown for agroforestry
(Pinon and Frey, 2005).

3.2.2

Materials

During winter 2013, dormant stem cuttings were collected from 534 trees from 59 populations spanning 9 Canadian provinces and 7 US States (longitudes -55 to -128 °W
and latitudes 39 to 60 °N; Fig. 3.1, Table S3.1). The main focus of the 2013 collection
was to sample P. balsamifera cuttings, but as the trees were dormant and some of the
diagnostic traits were not immediately visible, a number of putative hybrids were also
collected. Additionaly, 32 presumably unadmixed eastern cottonwood (P. deltoides)
genotypes were collected in central Vermont, USA to serve as a reference population for identifying admixed P. deltoides hybrids with population genetic methods.
For the 2013 collection, cuttings were grown for one year in a greenhouse, and then
planted in the summer of 2014 in a common garden near Burlington, VT (44.444422
°N, -73.190164 °W). Replicates were planted in a randomized design with 2x2 meter
spacing and 1,000 ramets were planted. The minimum, median, and maximum number of ramets per genet was 1, 2, and 6, respectively. Plants were not fertilized, but
were irrigated as-needed during the 2014 growing season to ensure establishment, and
then received no supplemental water.
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3.2.3

Molecular analyses

Fresh foliage from greenhouse grown plants was used for extracting whole genomic
DNA using DNeasy 96 Plant Mini Kits (Qiagen, Valencia, CA, USA). DNA was quantified using a fluorometric assay (Qubit BR, Invitrogen) and confirmed for high molecular weight using 1% agarose gel electrophoresis. We used genotyping-by-sequencing
(GBS) (Elshire et al., 2011) to obtain genome-wide polymorphism data for all 534
trees. Genomic sequencing libraries were prepared from 100 ng of genomic DNA per
sample digested with EcoT221 followed by ligation of barcoded adapters of varying
length from 4-8 bp, following Elshire et al. (2011). Equimolar concentrations of
barcoded fragments were pooled and purified with QIAquick PCR purification kit.
Purified products were amplified with 18 PCR cycles to append Illumina sequencing primers, cleaned again using a PCR purification kit. The resulting library was
screened for fragment size distribution using a Bioanalyzer. Libraries were sequenced
at 48 plex (i.e., each library sequenced twice) using an Illumina HiSeq 2500 to generate
100 bp single end reads. Cornell University Institute of Genomic Diversity (Ithaca,
NY) performed the library construction and sequencing steps. For the P. deltoides
reference population, library preparation was performed in the Keller lab using the
same protocol. DNA sequencing was performed on an Illumina HiSeq 2500 at the
Vermont Genetics Network core facility. Raw sequences reads are deposited in NCBI
SRA under accession number SRP070954.
We employed the Tassel GBS Pipeline (Glaubitz et al., 2014) to process raw
sequence reads and call variants and genotypes. In order to pass the quality control,
sequence reads had to have perfect barcode matches, the presence of a restriction
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site overhang and no undecipherable nucleotides. Filtered reads were trimmed to
64 bp and aligned to the P. trichocarpa reference assembly version 3.0 (Tuskan et
al., 2006) using the Burrows-Wheeler Aligner (BWA) (Li and Durbin, 2009). Single
nucleotide polymorphisms (SNPs) were determined based on aligned positions to the
reference, and genotypes called with maximum likelihood in Tassel (Glaubitz et al.,
2014). SNP genotype and sequence quality scores were stored in Variant Call Format
v4.1 (VCF) files, which were further processed with VCFTools 0.1.11 (Danecek et al.,
2011). SNPs with a minor allele frequency < 0.001 were removed, and only biallelic
sites were retained. Sites with with a mean depth < 5, genotype quality > 90, and
indels were removed. Missing data was imputed with Beagle v5.0 (Browning et al.,
2018), and sites with post-imputation genotype probability < 90 and sites with any
missingness were removed. After filtering, the final dataset contained 227,607 SNPs
for downstream analyses.
The filial generation was estimated using NewHybrids (Anderson and Thompson,
2002) separately for each set of hybrids, (i.e. BxT, BxA, and BxD). Filial generation
of P. balsamifera x angustifolia genotypes were previously estimated by Chhatre et al.
(2018) and used here. NewHybrids requires reference populations for each species, and
P. trichocarpa reference genotypes were downloaded from previously published work,
and we selected 25 genotypes from Pierce Co, Washington in populations known
to lack admixture with P. balsamifera (Evans et al., 2014). P. deltoides reference
genotypes were collected from the Winooski and Mad River watersheds in central
Vermont. The reference population for P. balsamifera was selected from individuals
in the SLC, LON, and DPR populations that are known to lack admixture with
other Populus species (see below). To select loci for distinguishing filial generations,

113

we determined the locus-wise FST difference between reference populations. For the
BxT analysis, 355 loci with an FST difference greater than 0.8 were randomly selected.
In the BxD analysis, 385 loci that segregated completely between parental species (i.e.
FST difference = 1) were randomly sampled. NewHybrids was run using Jeffrey’s
prior for ﬁ and ◊ for 200,000 sweeps with 100,000 discarded as burn-in. The cross
type (BxB, BxT, BxA, or BxD) was determined from the NewHybrids result and the
expected proportion of the genome from each parental species was calculated as:
(2n ≠ 1)
Expected ancestry proportion =
2n
where n = the number crossing events.

3.2.4

Trait measurements

All traits were measured from common garden grown trees in 2015, and disease severity was measured again in 2016 (Table 3.1). The severity of naturally innoculated
leaf rust disease was phenotyped in both years using an ordinal scale from zero to
four created by LaMantia et al. (2013) where: 0 = no uredinia visible, 1 = less than
five uredinia per leaf on less than five leaves, 2 = less than five uredinia per leaf on
more than five leaves, 3 = more than five uredinia per leaf on more than five leaves,
and 4 = more than five uredinia on all leaves. In 2016, we also scored disease using
the method of Dowkiw and Bastien (2004), where the single most infected leaf on
a tree was classified as: 1 = no uredinia, 2 = 1 to 10 uredinia, 3 = 11 uredinia to
25 % of the leaf area, 4 = 25 to 50 % of the leaf area, 5 = 50 to 75 % of the leaf
area, and 6 Ø 75 % of the leaf area covered in uredinia. We refer to the ordinal scale
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of La Mantia et al. (2013) as ordinal scale 1 and the ordinal scale of Dowkiw and
Bastien (2004) as ordinal scale 2. A mature larch tree (approx. 20m tall) was located
approximately 100m from the garden site, and we assume a uniform distribution of
aeciospore inoculum into the garden. The pathogen was visually confirmed to be M.
medusae using microscopy to view the ellipsoid to obovoid shape of uredospores, the
size range (min = 19.6 µ m, mean = 28.3 µ m, max = 34.45 µ m, N = 17, Fig. 3.1f),
and the presence of a smooth equatorial region on the spore flanked by polar regions
with papillae (Van Kraayenoord et al., 1974) (Fig. 3.1f).
To collect isotopic, elemental, and specific leaf area (SLA) data, three hole punches
( = 3 mm) were sampled in June 2015 from a central portion of each leaf adjacent to,
but avoiding the central leaf vein. Hole punches were dried at 65 °C to constant mass.
Approximately 2 mg of foliar tissue from each sample was weighed into a tin capsule
and analyzed for %C, %N, ” 13 C, and ” 15 N using a Carlo Erba NC2500 elemental analyzer (CE Instruments, Milano, Italy) interfaced with a ThermoFinnigan Delta V+
isotope ratio mass spectrometer (Bremen, Germany) at the Central Appalachians
Stable Isotope Facility (CASIF) at the Appalachian Laboratory (Frostburg, Maryland, USA). %C and %N were calculated using a size series of atropine. The ” 13 C
and ” 15 N data were normalized to the VPDB and AIR scales, respectively, using a
two-point normalization curve with laboratory standards calibrated against USGS40
and USGS41. The long-term precision of an internal leaf standard analyzed alongside samples was 0.28% for ” 13 C and 0.24% for ” 15 N. Isotopic results are reported
in units per mil (% ) and are expressed as:

” 13 C = [(13 C/12 C sample )/(13 C/12 C V-PDB ) ≠ 1] ú 103
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where ” 13 C is the isotopic composition of the sample in % , and V-PDB is the
Vienna-Pee Dee Belemnite international standard. Carbon isotope discrimination
against

13

C(

13

C) was calculated according to Farquhar et al. (1982) as:

13

C = (” 13 C a ≠ ” 13 C i )/(1 + ” 13 C i /103 )

where the ” 13 Ca value (-8.456 % ) was the mean value in 2015 measured at NOAA
Mauna Loa observatory (White et al., 2011). Higher

13

C values indicate increased

intracellular (Ci ) relative to atmospheric (Ca ) CO2 concentrations as a result of greater
stomatal conductance and/or lower photosynthetic assimilation rates in C3 plants.
13

C is a useful metric of intrinsic water use efficiency (ratio of photosynthesis to

stomatal conductance) since both are influenced by Ci /Ca . To calculate SLA, or the
ratio of fresh punch area to dry leaf mass, three oven dried hole punches per leaf were
massed collectively. Relative growth rate (G) was measured as the height increment
gain (cm) between the apical bud in 2015 and the previous year’s bud scar on the
most dominant stem. The chlorophyll content index (CCI) was measured with a
Konica Minolta SPAD 502 (Konica Minolta Sensing Americas, Inc) and the average
of three measurements from the central portion of a leaf was recorded.
Stomata traits were measured from micrographs of nail polish casts sampled in
2014 from the abaxial (lower) and adaxial (upper) leaf surfaces. Leaves were collected
from the field and placed in a cooler until processed in the lab. Nail polish peels
were made and mounted on slides without a cover slip. Two non-overlapping areas
without large veins from each peel were imaged (N = 1894) with an Olympus BX60 microscope using differential interference contrast. Stomata density (SD) was
estimated using the machine learning protocol of StomataCounter (Fetter et al., 2019).
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To verify the automatic counts, stomata were manually annotated on each image
using the image annotation tool. The correlation between automatic and manual
count was r = 0.99, and we used the automatic count data to calculate stomata
density. To measure stomata pore length (PL), each image was segmented with four
equally spaced horizontal lines in ImageJ (Schneider et al., 2012) and the length of a
single pore was measured in each segmented region for a total of five observations per
image. A measure of pore surface area, porosity, was calculated using the following
formula: porosity = density * (ﬁ * (pore length / 2)2 ). The stomata density ratio
(SR), stomata pore length ratio (LR), and porosity ratio (PR) were calculated by
dividing the value of the adaxial trait from the summed value of the abaxial and
adaxial traits. For example, SR = AD_SD/(AD_SD + AB_SD).

3.2.5

Quantitative genetic analyses

To estimate clonal values of genets from the phenotyped ramets, mixed-effects models
were fit with lme4 (Bates et al., 2015) and the response, here a trait, was modelled
as a function of the fixed effects of garden row and column position, and random
effects of genet. A normal distribution was assumed for all traits except: disease
ordinal 1 (2015), disease ordinal 1 and 2 (2016), SR, LR, and PR. To model nonnormal responses of disease ordinal replicate values, four error distributions were fit
to the data and compared with AIC using glmmADMB (Fournier et al., 2012; Skaug
et al., 2016) and lme4, which include: (1) a standard mixed-effects model; (2) a
zero-inflated negative binomial model with variance = µ(1 + µ/k); (3) zero-inflated
negative binomial model with variance = „µ; and (4) a zero-inflated Poisson model.
A zero-inflated Poisson model was used for the error distribution for disease ordinal
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1 (2015) and (2016). A zero-inflated negative binomial error model with variance =
µ(1 + µ/k) was used for disease ordinal 2 (2016). For the SR, LR, and PR traits, the
response was log-transformed and clonal values created with a standard mixed effects
model using a normal error distribution.
To investigate how hybridization alters trait means and heritable variation, we
used partial least squares regression (PLS) and estimated broad-sense heritability.
PLS was performed in R (R Core Team, 2018) with the package mixOmics (Rohart
et al., 2017) using canonical correlation where the X matrix was a column vector of
the proportion of ancestry attributable to each species (determined by NewHybrids),
and the Y matrix was a column vector of traits. To understand how backcrossing
into P. balsamifera alters trait values, we plotted the filial generation estimated by
NewHybrids against the trait as boxplots and performed Tukey’s post-hoc tests to
determine significance at – < 0.05. Broad-sense heritability (H 2 ) was estimated with
hybrids present and absent with MCMCglmm (Hadfield, 2010) by estimating the
variance-covariance matrix of the fixed and random effects and the intercept. Models
were run for 50,000 to 500,000 iterations until effective sample sizes of posterior
parameters were above 1000. Normal distributions were assumed for continuous traits.
Broad-sense heritability was estimated using the following equation:

H2 =

‡ 2 genet
‡ 2 genet + ‡ 2 error

where ‡ 2 represent error attributable to position of the ramet in the garden and
measurement error. The posterior mode and highest posterior density interval of the
heritability estimate were reported.
To understand which traits correlated most strongly with the three disease phe118

notypes, we fit a MANOVA in R using the three disease phenotypes as a multivariate
response and the remaining stomatal and ecophysiology traits as predictors. To test
for selection trade-offs between growth, disease resistance, and stomatal ratio, we
fit linear models in a path analysis framework. Disease resistance was calculated as
-1 * D2”. Traits were centered and standardized before regression models were fit.
Model specifications are provided in Table 3.4. Each model was fit with three sets of
data: hybrids absent, unadmixed P. balsamifera and Tacamahaca hybrids, and unadmixed P. balsamifera and Aigeiros hybrids. Evidence for trade-offs between traits was
considered present if the product of the slopes was negative (Schluter et al., 1991);
similarly, selection conflicts were inferred if the product of the slopes from a trade-off
were negative (Schluter et al., 1991). Significance testing of the observed regression
coefficients was performed by generating a permuted distribution of regression coefficient products, and comparing the observed product to the distribution of permuted
products. To generate permuted regression coefficient product distributions, the underlying trait data was permuted 1000 times and regression models were fit. The
regression coefficient products were recorded, and a two-tailed probability test was
used to generate a p-value for each observed regression coefficient product. Additionally, we performed a PCA of the three disease phenotypes with relative growth
rate to decompose the relationship into orthogonal vectors. PC1 and PC2 was regressed against stomatal ratio to determine if the slopes from each set of hybrids were
conflicting in sign, and hence, suggestive of a selection conflict on stomatal ratio in
relation to growth and disease.
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3.3
3.3.1

Results
Genetic ancestry and trait variation

Extensive backcrossing and hybridization was revealed from the NewHybrids analyses
(Fig 3.1c, Table 3.2). Our sample collection protocol was designed to target nonhybrid genotypes, thus the distribution of hybrids in our sample is less than what is
expected on the landscape. Nevertheless, we observe hybrids at the F1 to advanced
generations backcrossing into P. balsamifera from P. angustifolia. Hybrids formed
with P. trichocarpa were observed from the P1.F1 generation and beyond, while P.
deltoides hybrids were only observed at the F1 generation.
Disease severity was measured across two years with two different ordinal scales.
Distributions of all three disease severity phenotypes revealed a zero-inflated distribution, along with highly variable patterns of disease between BxB and hybrid
genotypes (Fig. 3.1d). Zero-inflated distributions were observed for the underlying disease traits, and traits which incorporated adaxial stomata (Fig. S3.1). Section
Tacamahaca hybrids exhibited decreased growth in comparisson to unadmixed P. balsamifera or the hybrids with a Aigeiros parent. The stomatal ratio was zero-inflated
and the tail of had a median of 0.18 with a min. of 0.05 and a max. of 0.44. Hybrid
genotypes, along with 43 unadmixed BxB individuals, had an elevated stomatal ratio.
A PCA of the non-disease traits revealed stomata variation drives the principal axis
of variation, while variation along PC2 was largely driven by of ecophysiology traits.
Mapping hybrid cross type and disease presence or absence into the PC space revealed patterns of disease that correlated with negative values of PC1, an axis largely
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describing adaxial stomatal patterning (Fig. 3.1e). Segregation of the trait space was
loosely clustered by the identity of the non-balsamifera parent (Fig. 3.1e).
As expected, hybridization altered trait means and variances (Table 3.1, Fig. S3.2,
Fig. S3.3). Disease traits increased with increasing phylogenetic distance of the nonbalsamifera parent, and transgressive segregation was observed for the adaxial and
abaxial stomata traits as well as for
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C in BxA hybrids (Fig. S3.2).

PLS analyses were conducted to investigate the effects of variation of the expected
proportion of ancestry from each species (X matrix) on trait variation (Y matrix). The
scalar product between pairs of vectors in the X and Y matrices indicate correlation
between sets of variables. Using hierarchical clustering of the scalar products, we
observed two large blocks: one characterized by high scalar product values between
the ancestry proportions to SR, LR, PR, adaxial stomata, and the disease traits; and
the second block contained abaxial stomata, and ecophysiology traits with generally
lower scalar product values to the ancestry proportions (Fig. 3.2).
In addition to shifting trait means, hybridization altered genotypic variance, resulting in increased heritability for the disease severity, SR, LR, PR, and adaxial
stomatal patterning traits (Fig 3.2, Table S3.2). The H 2 for ecophysiology and abaxial stomatal patterning traits was less influenced by hybridization, and generally lower.
As a whole, H 2 estimates ranged from 0.08 (CN) to 0.79 (SD_AD) (Fig 3.2).
Backcrossing into P. balsamifera decreased disease severity in advanced generation hybrids (Fig. 3.3a). Tukey’s post-hoc tests indicated significant differences in
disease severity between F1 , F2 , and P1.F2 backcrosses to advanced generation backcrosses and unadmixed P. balsamifera. The stomatal ratio remained high among the
filial generations and only decreased in unadmixed P. balsamifera (Fig. 3.3b). When
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accounting for the effect of SR on PC1 of disease, residuals were significantly different for the F1 generation and remained uniform for all other filial generations (Fig.
3.3c). Growth was not significantly different among filial generations and was only
significantly elevated in unadmixed P. balsamifera (Fig. 3.3d).
The effect of hybrid cross type on disease, stomatal patterning, and ecophysiology
traits was explored with boxplots (Fig. S3.2). BxB genotypes generally had low
disease, stomata patterning ratios, and adaxial stomatal patterning values. Patterns
between ecophysiology traits were more nuanced. The effect of backcrossing on the
traits was determined (Fig. S3.3), and in generally, stomatal patterning and disease
traits demonstrated large variation between filial classes. Transgressive segregation
in F2 filial generation hybrids was observed for
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C, C:N, and for CCI in P1.F2

hybrids.
A MANOVA was fit using the three disease traits as the response and the remaining traits as predictors to model which traits best predicted variation of disease
severity. stomatal ratio and growth were the most significant predictors (p-value <
0.001), followed by the stomata pore length ratio, adaxial stomata density, porosity
ratio, and abaxial porosity (Table 3.3). Plotting the regression coefficients of each
response revealed that multivariate disease traits did not always respond in the same
direction to the predictors (Fig. 3.4). For example, the stomatal ratio had a positive
regression coefficient to each of the disease responses (— = 1.1, 0.5, 0.4), while stomatal pore length ratio had one positive and two negative regression coefficients to the
disease responses (— = 0.7, ≠1.3, ≠0.6).
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3.3.2

Selection trade-offs and conflicts

To determine if there was evidence for evolutionary trade-offs in unadmixed and admixed populations, linear and multiple regression models were fit for two components
of fitness, growth and disease resistance, and one metric trait, stomatal ratio. Tradeoffs were differentially expressed if hybrids were present or absent from the analysis,
and whether they involved Tacamahaca or Aigeiros hybrids (Table 3.4, Table S3.3).
Disease resistance had a negative correlation with growth when hybrids were absent
(— = ≠0.18ns ), and in the Aigeiros set (— = ≠0.17ú ); however, in the Tacamahaca

set, disease resistance had a positive relationship with growth (— = 0.15ns ). The
positive slope in the Tacamahaca hybrids was due to the decreased disease resistance
in the hybrid genotypes. For the multiple regression of SR on growth while including
disease resistance, negative regression coefficients were found for all three data sets,
but the regression coefficient was not significant in the Aigeiros data set. Significant
negative regression coefficients were found for all three data sets in the linear regression of stomatal ratio on disease resistance, indicating a decrease in the stomatal ratio
increased disease resistance. The cumulative effect of both paths of stomatal ratio on
growth was negative for the unadmixed P. balsamifera data set (RSR,G = ≠0.24) and

in the Tacamahaca data set (RSR,G = ≠0.40), but closer to zero in the Aigeiros data
set (RSR,G = ≠0.07). The smaller value of the path analysis in Aigeiros hybrids may
have indicated the trade-off was less severe.

Selection conflicts exist between pairs of traits if the product of their selection
gradients are negative (Schluter et al., 1991). We observe a selection conflict between
disease resistance and growth (—1 ) and SR and growth (—2 ) in the data set that
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includes the Tacamahaca and unadmixed P. balsamifera (Table 3.4). This selection
conflict may indicate that selection for disease resistance at the expense of decreased
growth cannot be achieved through selection for lower values of SR.
We can further view how hybridization reveals trade-offs in admixed and undadmixed populations by plotting stomatal ratio as a predictor to principal components
reflecting the trade-off between growth and disease severity (Fig. 3.5). PC1 largely
represents disease severity variance, while PC2 largely describes growth variance. Unadmixed P. balsamifera and Tacamahaca hybrids have a positive relationship to PC1,
while poplars admixed with P. deltoides have a negative slope. Regressing stomatal
ratio on PC2 reveals a slight positive relationship in BxB and BxT genotypes and
negative slopes in BxA and BxD hybrids, although these are not statistically significant.

3.4

Discussion

We conducted a common garden study with naturally formed Populus hybrids to
observe how hybridization alters trait value distributions, heritable variation, and the
potential to reveal trade-offs and selection conflicts. We focused on growth, disease,
and the stomatal ratio, as these traits contribute to fitness and were previously implicated in disease variation within unadmixed P. trichocarpa (McKown, Guy, et al.,
2014; McKown, Klápöt , et al., 2019). These results indicate hybridization increases
disease severity, decreases growth of hybrids formed from within-Tacamahaca crosses,
and increases the stomatal ratio. Our results demonstrate increases in stomatal ratio
are consistently correlated across years and measurement scales with an increase in
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disease severity. The negative correlation between stomatal ratio and disease resistance may be indicative of a locally adaptive trade-off evolved in the non-balsamifera
parental species, which is still being expressed in the hybrids we sampled. The high
H 2 of the stomatal ratio and its strong covariation to the proportion of P. balsamifera ancestry suggest selection could effectively reduce disease within a population
by selecting for lower values of stomatal ratio, and, in this system, increased growth
is a likely result. Although unadmixed P. balsamifera did experience disease, hybridization introduced more variation than was observed in unadmixed populations;
demonstrating that hybridization studies can use the increased variance present in
admixed populations to reveal trade-offs and selection conflicts that generations of
natural selection has purged from unadmixed populations.
Given sufficient selection from pathogens and heritable variation, plant species will
evolve an optimum along the growth-defense spectrum that maximizes their fitness
based on the likelihood of pathogen exposure, physiological severity of the disease, and
the cost of mounting a defense (Stearns, 1989; Schluter et al., 1991). That optimum
can be locally adapted, change between populations within a species (e.g. northern
versus southern populations of P. trichocarpa, McKown, Guy, et al., 2014), as well
as evolve different adaptive combinations of traits between species. When hybrids
are formed, misaligned growth-defense strategies expressed in a hybrid genotype can
negatively impact its fitness through outbreeding depression (Goldberg et al., 2005),
perhaps even in the presence of heterosis, as suggested by the increased disease of F1
BxD hybrids we study here.
The effect of phylogenetic distance on these traits may be indirectly inferred from
the distribution of traits arranged by hybrid cross type. Increasing the phylogentic
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distance of the non-balsamifera parent tended to increase disease severity and decrease growth. Although, the increased phylogenetic distance between P. balsamifera
and P. deltoides likely induced heterosis for growth, but is accompanied by increased
disease (Fig. 3.1d) and increased stomatal ratio; thereby revealing a growth-defense
trade-off. Interestingly, the BxD hybrids do not have increased
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C, which is an

indicator of how closed stomata are, and analysis of the residuals from DP C1 ≥ SR

indicate effects in addition to the stomatal ratio contribute to significantly elevated
disease (Fig. 3.3). These results allow us to speculate that the increased disease
in BxD F1 hybrids may relate to a loss of resistance loci as a result of the accumulation of genetic incompatibilities, in addition to variance of stomatal patterning
traits. While we do not have trait data for unadmixed P. trichocarpa, P. angustifolia,
or P. deltoides, the growth-defense phenotypes in hybrids with ancestry from those
species suggests different adaptive strategies from what has evolved in P. balsamifera. Common garden studies in P. trichocarpa have demonstrated that genotypes
from Northern latitudes have more adaxial stomata, larger stomatal aperture pores,
and increased carbon gain, but lower levels of defensive phenolic compounds and
increased foliar pathogen disease (McKown, Guy, et al., 2014). This suggests one
fitness strategy, typified by P. trichocarpa, is to maximize growth while tolerating the
negative effects of disease. Further research is needed to compare the growth-defense
strategies of multiple unadmixed Populus species in a common environment.
In addition to increasing genetic variance, hybridization can disrupt co-adapted
immune systems responses in host plants, possibly leading to increased disease susceptibility. Plant populations will typically evolve towards increased disease resistance
with lower growth, or increased growth with lower disease resistance (Stearns, 1989;
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Schluter et al., 1991). In line with those expectation, we observe a negative relationship between disease resistance and growth in unadmixed P. balsamifera and Aigerios
F1 hybrids (Table 3.4). However, in Tacamahaca hybrids, we observe decreased disease resistance correlated with decreased growth. This correlation may be the result of
negative physiological effects of increased pathogen presence on the host trees leading
to a reduction in growth. Comparison of the slopes of G ≥ D and G ≥ SR indicate a

selection conflict is present in Tacamahaca hybrids that have lower growth, decreased
disease resistance, and increased stomatal ratio. One possible interpretation of the
selection conflict is the positive slope between disease resistance and growth observed
in Tacamahaca hybrids indicates that these populations cannot evolve towards one of
the two optimal trait spaces along the growth-defense spectrum by decreasing stomatal ratio values, or by tolerating increased disease and instead investing more in
growth.
The presence of amphistomy (having stomata on both leaf surfaces) as a result
of hybridization raises interesting evolutionary consequences. Theoretical models of
the benefits and costs of amphistomy indicate the increased efficiency of photosynthesis under amphistomy should lead to more species organizing their stomata on
both surfaces (Muir, 2015). Yet, hypostomy (stomata only on the abaxial surface)
predominates, particularly in trees and shrubs. Models which incorporate costs of amphistomy indicate a narrow range of optima, with few intermediate values of stomatal
ratio (Muir, 2015). The results from this study support theoretical conclusions that
the costs of amphistomy are sufficiently high to constrain the available trait space in
which plants evolve, and selection from pathogens likely induces a cost of amphistomy
that is paid in the currency of fitness. Amphistomy is rare in P. balsamifera, which
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likely reflects the evolution of fitness optima that prioritizes defense over growth,
which stands in contrast to northern populations of P. trichocarpa that have possibly
evolved increase stomatal ratio to favor growth over defense (McKown, Guy, et al.,
2014; McKown, Klápöt , et al., 2019).
The high heritability of disease severity, stomatal ratio, and the other adaxial
stomata traits indicates selection could effectively purge genetic variance linked to
disease susceptibility. Indeed, disease severity and stomata ratio are strongly correlated with the proportion of P. balsamifera ancestry (Fig. 3.2), and to each other
(Table 3.3, Fig. 3.4), and have high heritabilities. Thus, we can predict that if
pathogens exert a strong selective pressure on these populations, and if disease resistance is linked to low stomatal ratios (which our results indicate), selection will favor
low stomatal ratio values. Unadmixed P. balsamifera have low stomatal ratio and
high disease resistance, and it is likely that selection for low stomatal ratio values has
occurred in this species.
The increased disease we observed in hybrid poplars may be a common feature
of hybrid zones, and indeed, hybrid zones may even provide refuge for pathogens
and pests (Whitham, 1989). For example, hybrids of Salix eriocephala and S. serica
have a 3.5 fold increase in disease severity to Melamposora sp. and transgressively
segregate for this trait (Roche and Fritz, 1998). Naturally formed F1 P. balsamifera
x angustifolia hybrids transgressively segregate for the number of galls per tree and
back-crosses into P. balsamifera are even more susceptible to gall forming pests and
have higher variance than F1 or unadmixed parental species genotypes (Floate et al.,
2016). Similar trends have been observed in animal hybrid zones, where F1 and F2
largemouth bass (Micropterus salmoides) have lower survival after inoculation with
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Ranavirus as a result of outbreeding depression (Goldberg et al., 2005).
The occurrence of multiple different species admixed with P. balsamifera allowed
us to indirectly observe the effect of phylogenetic distance between parental species
on trade-offs between growth and disease resistance, and to speculate on their importance in maintaining species barriers. Disease increased with phylogenetic distance of
the non-balsamifera parent (Fig. 3.1, Fig. S3.1), and is ameliorated by back-crossing
into P. balsamifera (Fig. 3.3). The evidence we present suggests shifts in stomatal
ratio underlie much of the increase in disease; however, other studies point to the accumulation of genetic incompatibilities in hybrids as a cause of disease and disease-like
symptoms which contribute to reproductive isolation and the maintenance of species
barriers. Simulation studies of genetic incompatibilities have demonstrated that relatively few two-locus incompatibilities are required to maintain reproductive isolation
in the presence of selection (Lindtke and Buerkle, 2015). Our finding of significant
ancestry proportion effects on disease susceptibility suggests hybridization may also
introduce genetic incompatibilities that disrupt the immune system. While any lethal
combinations would have been filtered by selection in our sample, incompatibilities
at loci in the innate or inducible immune system may persist into later life stages and
filial generations, and could yield increased disease. Mapping these loci and tracking
incompatibitilites in recombinant genotypes could test the hypothesis generated by
the reduction of disease in recombinant genotypes that we observe (Fig. 3.3).
Despite the potential loss of fitness in hybrid genotypes, hybrid populations are
ubiquitous in nature, and hybridization represents an opportunity for the sharing
of adaptive alleles evolved in one species to another (Chhatre et al., 2018; SuarezGonzalez, Lexer, et al., 2018). Adaptive introgression of disease resistance loci has
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been documented in humans (Racimo et al., 2015) and Helianthus annuus (Whitney
et al., 2006), among other taxa. Adaptive introgression between the accessions of P.
balsamifera and P. angustifolia under investigation here has documented the introgression of genes principally associated with photoperiodic regulation, cold hardiness
and terpene synthesis (Chhatre et al., 2018). Although Chhatre et al. (2018) did not
find introgressed loci directly linked to disease, studies between P. balsamifera and P.
trichocarpa have identified R-genes and disease-associated loci introgressing in both
directions (Suarez-Gonzalez, Hefer, Lexer, Cronk, et al., 2018).
By studying traits contributing to fitness, selective regimes can be identified within
and between species. Hybridization introduces genetic variance, which can reveal
misalignment of modules of linked traits within a hybrid population. Selection can
fine tune linked traits, by selecting for increased disease resistance or increased growth,
but not both. Here, we have studied hybrid populations formed from four species to
observe an expanded trait space. We are able to predict how selection is likely to
constrain this trait space to achieve reduced disease; namely, through a decrease
in the stomatal ratio. These results demonstrate the important evolutionary and
ecological effects of hybridization in plant-pathogen interactions. The different tradeoffs we observed for growth, disease resistance, and stomatal traits, are likely due to
the effect of misaligned growth-survival strategies that have evolved in each species,
in addition to the effect of heterosis. Future research in this system will focus on using
admixture mapping to identify genomic regions which underlie the disease resistance
observed in P. balsamifera and the increased variance of disease severity in hybrids.
Understanding the core growth-survival strategies that have evolved in each species
will allow ecologists to place their findings of disease ecology in hybrid zones into a
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wider context, and should be undertaken by future researchers.
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3.8

Tables

Table 3.1: Trait definitions, abbreviations, and the mean (µ) ± standard deviation (‡) of
traits with hybrids present and absent.
Trait

Abbr.

Disease severity 2015 scale 1
Disease severity 2016 scale 1
Disease severity 2016 scale 2
Relative growth rate (cm)
Stomatal ratio
Pore length ratio
Porosity ratio
Abaxial stomata density (mm2 )
Adaxial stomata density (mm2 )
Abaxial pore length (µm)
Adaxial pore length (µm)
Abaxial porosity
Adaxial porosity
Total porosity
Carbon isotope discrimination (% )
Nitrogen isotope fractionation (% )
Carbon:Nitrogen
Carbon (%)
Nitrogen (%)
Specific leaf area
Chlorophyll content index

D1’
0.30
5.95
D2’
0.02
3.83
D2”
0.04
2.99
G
15.96 53.94
SR
0.00
0.44
LR
0.00
0.53
PR
0.00
0.43
SD_AB 130.22 301.51
SD_AD
0.00 153.89
PL_AB 21.07 35.14
PL_AD 0.002 34.75
PO_AB 7.7e4
1.5e5
PO_AD 0.00
7.3e4
TO_PO 8.2e4
1.7e5
13
C
20.49 25.23
” 15 N
2.25
4.27
CN
36.13 45.03
C
45.40 48.98
N
1.2840 1.2844
SLA
11.04 14.11
CCI
19.61 38.41

Min.

Max

Hybrids present µ ± ‡
1.43 ± 1.44
0.35 ± 0.80
0.23 ± 0.43
27.63 ± 6.46
0.06 ± 0.10
0.16 ± 0.22
0.05 ± 0.08
219.57 ± 30.55
16.18 ± 27.43
25.65 ± 1.78
7.63 ± 10.71
1.1e5 ± 1.1e3
6.2e3 ± 1.1e3
1.2e5 ± 1.3e3
22.72 ± 0.71
3.34 ± 0.35
39.50 ± 1.30
47.62 ± 0.47
1.2840 ± 0.0005
12.32 ± 0.36
27.40 ± 2.98

Hybrids absent µ ± ‡
1.01 ± 0.90
0.10 ± 0.34
0.10 ± 0.19
27.78 ± 6.55
0.03 ± 0.06
0.09 ± 0.18
0.02 ± 0.05
221.99 ± 27.71
6.71 ± 15.71
25.72 ± 1.57
4.45 ± 9.01
1.1e5 ± 1.1e4
2.7e3 ± 6.5e3
1.2 e5 ± 1.2e4
22.62 ± 0.62
3.32 ± 0.35
39.53 ± 1.28
47.65 ± 0.45
1.2840 ± 0.0005
12.31 ± 0.36
27.66 ± 3.09

Table 3.2: NewHybrids results. The Ref. non-Pb (0) and Ref. Pb (1) columns refer to the
size of the reference populations from which segregating loci were selected. The remaning
columns describe the sizes of the filial generations in unknown samples. Abbreviations: Ref.,
reference population; Pb., Populus balsamifera.
Parental species
P. balsamifera x
trichocarpa
P. balsamifera x
angustifolia
P. balsamifera x
deltoides

Ref. non-Pb. (0) Ref. Pb. (1) Pb.

F1

F2

P0-F1

P1-F1

P0-F2

P1-F2

P0-P0F1

P1-P1F1

P0-P0F2

P1-P1F2

46

38

407 -

-

-

2

-

32

-

15

-

35

37

114

216 22

3

-

3

-

-

1

3

-

1

32

38

369 15

-

-

-

-

-

-

-

-

-
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Table 3.3: Output of MANOVA with three disease severity traits jointly modelled as the
response. Significance indicated as *** P < 0.001; ** P < 0.01; * P < 0.05; . < 0.1.

Pillai approx F Pr(>F) sig. code
SR
0.62632 127.381 <2.2e-16 ***
G
0.18223
16.935
5.768e-10 ***
LR
0.06101
4.938
0.002427 **
SD_AB 0.03874
3.063
0.028933 *
PR
0.03513
2.767
0.042616 *
PO_AB 0.03364
2.646
0.049882 *
CCI
0.02965
2.323
0.075884 .
PL_AD 0.02780
2.173
0.091975 .
C
0.01949
1.511
0.212453
SD_AD 0.01781
1.378
0.250319
N
0.01688
1.305
0.273694
PL_AB 0.01343
1.034
0.378196
13
C
0.00718
0.550
0.648664
15
” N
0.00695
0.532
0.660778
CN
0.00601
0.460
0.710751
PO_AD 0.00505
0.386
0.763368
SLA
0.00020
0.015
0.997448
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Table 3.4: Trade-offs and selection conflicts inferred from linear and multiple regression
models of three traits: D, disease resistance; G, relative growth rate; and SR, stomatal ratio.
Negative regression coefficients (—n ) or path analysis (RSR,G ) indicate a trade-offs is present.
The path analysis sums each independent path of the effect of SR on G: path 1, —2 ; path 2,
—3 ú—1 . Selection conflicts are inferred when the product of regression coefficients are negative
(Schluter et al., 1991). The hybrids absent set includes only unadmixed P. balsamifera, and
the Tacamahaca and Aigeiros data sets add hybrid individuals. —1 was taken from model 1.
Significance testing for selection conflicts was performed with permutation tests (Fig. S3.4).
Significance indicated as *** P < 0.001; ** P < 0.01; * P < 0.05.

model 1 : G ≥ µ + —1 D + ‘
model 2 : G ≥ µ + —1 D + —2 SR + ‘
model 3 : D ≥ µ + —3 SR + ‘

1

D
3

G
2

SR

Trade-offs
Data set
—1
—2
—3
RSR,G
Hybrids absent -0.18
-0.30* -0.30*** -0.24
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Figure 3.1: Summary of sample localities, phenotypes, and expected ancestry proportions
for the trees under study. Sample locality map with the geographic ranges of four species
of poplar: P. balsamifera in blue, P. trichocarpa in green, P. angustifolia in orange, and
P. deltoides in yellow (a). See Table S1 for population coordinates and samples sizes. The
phylogenetic relationships of the four species under study are presented as a cladogram (b).
The expected proportion of ancestry of hybrid genotypes was calculated from NewHybrid
(Anderson and Thompson, 2002) estimates of filial generation (c). Histograms and box
plots of three disease traits summarized by PC1 of a principal components analysis (DP C1 ),
relative growth rate (G), and stomatal ratio (SR). Tukey tests indicate significant differences
at – < 0.05. PCA of stomatal patterning and ecophysiology trait data. The presence or
absence of disease and the hybrid cross type is mapped onto the points, but was not used to
decompose variance of the traits in principal component space (e). Disease presence/absence
calls in e were made from the eigenvalues for DP C1 , where PC1 eigenvalues greater than -0.8
were classified as diseased. Images of the uredospore (f) and disease sign of orange-yellow
uredinia (g) of Melampsora medusae on an BxD hybrid.
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Table S3.1: Summary of populations, samples sizes and geographic coordinates.

pop_code
CBI
CHL
CLK
CPL
CYH
DCK
DMT
DPR
FIS
FNO
GAM
HBY
HST
HWK
JKH
KAP
LON
LPD
LSM
MBK
MMT
MSG
NBY
NEG
OFR
OUT
RAD
RMP
SKN

N
6
8
12
14
13
15
1
15
5
14
10
16
12
10
17
11
9
11
2
7
15
13
11
15
15
12
13
14
10

lat
46.10
44.58
54.23
47.52
49.64
51.60
39.51
46.09
48.20
58.51
49.47
52.90
49.76
50.41
43.81
49.38
43.18
44.35
39.22
51.12
49.87
44.32
46.33
45.41
53.14
51.17
53.43
40.36
52.34

lon
pop_code
-61.18
SLC
-76.25
SSR
-110.07
TIM
-83.26
TUR
-109.81
UMI
-101.74
USDA1
-105.19 USDA10
-77.51
USDA11
-58.41
USDA12
-122.40 USDA13
-77.36
USDA14
-102.39 USDA15
-84.01
USDA16
-57.00
USDA17
-110.48 USDA18
-83.16
USDA19
-81.16
USDA2
-73.73
USDA20
-79.70
USDA21
-55.78
USDA3
-102.59
USDA4
-106.87
USDA5
-79.52
USDA6
-62.14
USDA7
-101.10
USDA8
-106.25
USDA9
-77.67
VER
-105.62
WLK
-106.58
WTR
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N
14
16
13
12
3
3
5
1
9
5
1
4
6
6
5
3
7
1
5
1
4
6
2
4
3
4
8
11
13

lat
lon
44.79 -75.17
44.46 -109.61
48.36 -81.63
53.20 -108.37
56.34 -76.28
46.50 -92.98
46.58 -91.58
46.33 -89.48
46.58 -88.03
46.08 -88.03
45.58 -88.03
46.42 -86.87
46.08 -85.85
46.00 -84.50
45.42 -84.50
45.00 -84.30
46.75 -92.98
44.92 -85.85
45.42 -89.23
47.17 -91.67
47.92 -91.67
47.42 -92.98
47.92 -92.98
48.42 -92.98
48.33 -94.52
47.92 -94.52
44.38 -72.63
60.05 -128.46
48.59 -85.27

Table S3.2: Broad-sense heritability estimates and credible intervals for the hybrids present
and absent datasets.
cross
X
Nind
hybrids present
G
479
hybrids present
D1.
282
hybrids present
D2.
330
hybrids present
D2..
330
hybrids present dis_pres 330
hybrids present
D13C
425
hybrids present
d15N
425
hybrids present perc_C
425
hybrids present perc_N
425
hybrids present
sla
425
hybrids present
cci
428
hybrids present
CN
426
hybrids present ad_pres 417
hybrids present ad_ab
416
hybrids present ab_sd
417
hybrids present ad_sd
417
hybrids present
ab_pl
417
hybrids present
ad_pl
417
hybrids present ab_po
417
hybrids present ad_po
417
hybrids present
to_po
417
hybrids present
SR
417
hybrids present
PR
417
hybrids present
HR
417
hybrids absent
G
384
hybrids absent
D1.
227
hybrids absent
D2.
276
hybrids absent
D2..
276
hybrids absent dis_pres 276
hybrids absent
D13C
339
hybrids absent
d15N
339
hybrids absent
sla
339
hybrids absent
cci
341
hybrids absent perc_C
339
hybrids absent perc_N
339
hybrids absent
CN
339
hybrids absent ad_pres 332
hybrids absent
ab_sd
332
hybrids absent
ad_sd
332
hybrids absent
ab_pl
332
hybrids absent
ad_pl
332
hybrids absent
ab_po
332
hybrids absent
ad_po
332
hybrids absent
to_po
332
hybrids absent
HR
332
hybrids absent
PR
332
hybrids absent
SR
332
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Nrep
985
447
545
545
545
805
805
805
805
806
815
806
785
784
785
785
785
785
785
785
785
785
785
785
778
356
426
426
426
626
626
626
632
626
626
626
587
587
587
587
587
587
587
587
587
587
587

H2
lwr
upr
0.25 0.17 0.33
0.59 0.49 0.67
0.5 0.41 0.59
0.46 0.36 0.54
0.74 0.55 0.86
0.43 0.36 0.51
0.2 0.11 0.28
0.2 0.13 0.31
0.17 0.12 0.22
0.1 0.03 0.17
0.39 0.31 0.47
0.08 0.001 0.17
0.92 0.87 0.97
0.66 0.6 0.72
0.36 0.26 0.43
0.79 0.76 0.82
0.47 0.39 0.55
0.76 0.71 0.79
0.29 0.21 0.38
0.76 0.72 0.79
0.52 0.47 0.58
0.72 0.65 0.76
0.68 0.62 0.73
0.71 0.65 0.75
0.26 0.19 0.36
0.22 0.06 0.36
0.72 0.66 0.78
0.22 0.06 0.33
0.57 0.41 0.79
0.3 0.22 0.41
0.2
0.1
0.3
0.1 0.01 0.18
0.39 0.3 0.49
0.15 0.05 0.26
0.18 0.13 0.24
0.08 0.01 0.18
0.36 0.27 0.47
0.2 0.08 0.32
0.52 0.43 0.6
0.41 0.29 0.5
0.4 0.29 0.49
0.22 0.12 0.33
0.5 0.42 0.6
0.24 0.14 0.34
0.4
0.3
0.5
0.36 0.26 0.46
0.37 0.28 0.46

Table S3.3: Model output for trade-off regressions. Significance indicated as *** P < 0.001;
** P < 0.01; * P < 0.05.

Hybrids absent
Variable
Statistic Model 1
(Intercept) Estimate 0.316***
Std Err
[0.081]
D
Estimate -0.179
Std Err
[0.150]
SR
Estimate
Std Err
N
239
R2
0.006
adj R2
0.002
AIC
698.750

Model 2
0.225**
[0.093]
-0.296*
[0.160]
-0.295**
[0.138]
232
0.025
0.017
678.857

Tacamahaca set
Variable
Statistic Model 1 Model 2
(Intercept) Estimate 0.117*
0.114*
Std Err
[0.060]
[0.060]
D
Estimate 0.153*
-0.090
Std Err
[0.080]
[0.098]
SR
Estimate
-0.324***
Std Err
[0.080]
N
294
286
R2
0.013
0.067
adj R2
0.009
0.060
AIC
846.300 812.621
Aigeiros set
Variable
Statistic Model 1
(Intercept) Estimate 0.314***
Std Err
[0.066]
D
Estimate -0.165**
Std Err
[0.074]
SR
Estimate
Std Err
N
252
R2
0.020
adj R2
0.016
AIC
737.204
146

Model 2
0.261***
[0.076]
-0.256***
[0.093]
-0.205
[0.126]
245
0.030
0.022
719.189

Model 3
0.168***
[0.036]
-0.300***
[0.053]
234
0.121
0.117
266.631
Model 3
0.068*
[0.036]
-0.492***
[0.038]
288
0.367
0.365
525.122
Model 3
-0.144***
[0.051]
-0.820***
[0.068]
247
0.372
0.369
537.947

250
200

75

200

50

150

150

100

100

50

50

25
0

0

0
1

2

D1'

3

4

0

1

D2'

2

0

0
0.0

3

0.2

D2''

0.4

LR

PR

60

40

30
200

0

100

0

0

1.4e5

1.2e5

1e5

30
20

10
0

20

10

10

0

0

CN

40

60
40

60

20

40

30

40

20
0

20

10

0

0
35

30

25

20

SLA

14

13

12

11

%N

1.28500

1.28475

1.28450

49

48

47

46

%C

1.28425

0

20

CCI

Figure S3.1: Distribution of clonal values. See Table 3.1 for trait abbreviations.
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Figure S3.3: Variation of traits by filial generation. See Table 3.1 for trait abbreviations.
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Guard cell regulation, the plant
immune system, and growth transcription factors are under selection and associated with fungal
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Abstract
Balsam poplars (Populus balsamifera) generally have stomata on only the lower leaf
surface and are largely resistant to the local strain of the leaf rust Melampsora
medusae in New England forests. The black balsam poplar (P. trichocarpa) has
stomata on both leaf surfaces (amphistomy) and hybrids formed from advanced generation backcrosses with P. trichocarpa x balsamifera hybrids are amphistomatous
and susceptible to Melampsora. We used admixture mapping, a genome-wide association method ideal for hybrid populations, to detect loci under positive selection
that pleiotropically contribute to trait variation via genetic associations with multiple stomata patterning and ecophysiology traits. We detect genes with functions
for guard cell homeostasis, constituent genes of the plant immune system, growth related transcription factors, and components of constitutive defenses that likely differ
between P. balsamifera and P. trichocarpa. Our results indicate selection is acting
on these genes, which regulate suites of traits that contibute to disease variation in
natural populations.
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4.1

Introduction

The consequences of hybridization across landscapes has received considerable attention in plants, particularly in sunflowers (Heiser Jr, 1951; Whitton et al., 1997; Yatabe
et al., 2007; Rieseberg, SC Kim, et al., 2007; Hübner et al., 2019), monkey-flowers
(Macnair and Cumbes, 1989; Fishman and Willis, 2006; Stankowski and Streisfeld,
2015; Chase et al., 2017), and poplars (RL Smith and Sytsma, 1990; Floate et al.,
2016; Chhatre et al., 2018; Bresadola et al., 2018). Hybridization studies in poplars
have been particularly influential in developing our understanding of how admixture between foundation tree species can alter biotic interactions between herbivores
(Whitham, Floate, et al., 1996; Evans, Allan, Shuster, et al., 2008), fungi (Bailey,
Deckert, et al., 2005), understory plant species (Lamit et al., 2011), birds (Adams
and TM Burg, 2015), and indeed, entire ecosystems (Schweitzer et al., 2008; Bailey,
Schweitzer, et al., 2009).
Research from poplar hybrid zones indicates their genomes are porous to movement of adaptive species from one species to another (Stölting et al., 2013). Introgression can occur when a gene evolved in one species is introduced to another via
reproduction, and subsequently experiences selection to maintain the original allele
of the gene in its new genomic context (Barton and Hewitt, 1985). Along with mutations and standing genetic variation, introgression is an additional source of adaptive
genetic variation in a population (De Carvalho et al., 2010; Suarez-Gonzalez, Lexer,
et al., 2018). Genomes may be resistant to introgression if there are numerous reproductive incompatibility loci preventing interspecific mating from occurring, and thus,
inhibiting recombination from disrupting linkage between adaptive loci and condi162

tionally neutral or maladaptive loci (Rieseberg and Carney, 1998). In an ecological
context, adaptive introgression has been demonstrated to explain clinal variation of
phenology in European oaks, with genes mapping to phenology traits exhibiting patterns of clinal variation between Quercus petraea and Q. robur (Leroy et al., 2019). In
a novel common garden study after repeated controlled matings between Helianthus
annuus ssp. annuus and H. debilis, multiple traits representing ecophysiology, defense against predators, phenology, and plant architecture showed adaptive changes
leading to an increase in fitness above an unadmixed control population in as few as
seven generations of backcrossing (Mitchell et al., 2019). These studies demonstrate
the potential of populations to use standing genetic variation from one species for
adaptive evolution in another species in similar or novel environments.
A major goal of ecological genomics is to link phenotypic variation to genetic
variation to find genes underlying biological or ecological processes, such as, the evolution of sexes (Geraldes, Hefer, et al., 2015), climatically adaptive genetic variation
(Martins et al., 2018), or batesian mimicry (Iijima et al., 2018). Advances in genome
sequencing have enabled the discovery of tens of thousands (to millions) of genetic
polymorphisms within a species. Statistical methods which allow for the association
of phenotypic to genotypic variation routinely come in the form of mixed-models that
contain covariates for population ancestry that serve to condition allele frequency
variation given historical patterns of allele frequency change (Ingvarsson and Street,
2011; Sul et al., 2018). While association genetic methods are robust to demography,
populations formed from hybrids or from genetically divergent parental populations
within a species, will contain genomes with relatively few recombination events yielding large regions of high linkage between loci on a chromosome. Admixture mapping
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was invented to circumvent this problem by exchanging the identify of a base pair
at a locus with the probability that the locus is a derived from species/population
A or B. Thus, the association of phenotypic variance to a local ancestry genotype is
estimated, rather than to a base pair (MW Smith and O’Brien, 2005; Buerkle and
Lexer, 2008; Shriner et al., 2011).
Populus is a genus of long-lived, wind-pollinated trees which exhibit remarkable
ecological amplitude. Species in the genus occur beyond the tundra-boreal forest
ecotone in northern Alaska and Canada (e.g. P. balsamifera, Breen, 2014), to humid
subtropical forests in the southeastern American coastal plain (e.g. P. heterophylla,
Fowells et al., 1965), and the Arid deserts of the the Middle East (e.g. P. euphratica, Rajput et al., 2016). Populus species will readily form fertile hybrids, and bidirectional crossing is frequent (DiFazio, GT Slavov, et al., 2011; Suarez-Gonzalez,
Lexer, et al., 2018), although not all species can do this, (e.g. P. balsamifera x
deltoides hybrids will only cross into P. balsamifera, SL Thompson et al., 2010a).
Large effective population sizes (Savolainen et al., 2007; Evans, GT Slavov, et al.,
2014; J Wang et al., 2016) and strong local adaptation increase the probability that
adaptive genetic variation will evolve and can be shared among populations. Given
the promiscuity of poplars and their ability to persist as clones on a landscape for
thousands of years (Ally et al., 2008), introgression is expected to occur; creating the
biological conditions to employ admixture mapping to identify phenotype-genotype
associations in hybrid populations (Lexer et al., 2007; Lindtke, S Gonzalez-Martinez,
et al., 2013; Bresadola et al., 2018). In a previous study, we found evidence of hybrids
expressing a strong genetic correlation between stomatal traits and resistance to the
basidiomycete leaf rust, Melampsora medusae (Fetter, 2019, Ch.3). M. medusaue is
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a foliar pathogen with two obligate hosts: a poplar sp. as the telial host, and a
larch (Larix) sp. as the aecial host (Feau et al., 2007). In this study, we use admixture mapping to identify if associations between stomata and disease co-localize
to the same genomic regions, indicating a shared genomic architecture and possibly
pleiotropy. Furthermore, we test if candidate associations to disease and stomatal
traits show evidence of positive selection in one or both parental species, as expected
if introgression in hybrid zones is responsible for the movement of adaptive alleles
from one species’ genome into another.

4.2
4.2.1

Materials & Methods
Plant collections, traits, and sequencing

Plant material was collected from across the western range of P. balsamifera (Fig.
4.1a) and planted in a common garden in Vermont, USA in June, 2014. After an
overwintering, ecophysiology, and bud flush traits were measured in the common
garden (Table 4.2). Disease severity to M. medusae was measured in 2015 using
the ordinal scale of La Mantia et al. (2013), and in 2016, both the ordinal scales of
La Mantia et al. (2013) and Dowkiw and Bastien (2004) were used. Genotypingby-sequencing (GBS) (Elshire et al., 2011b) was used to create sequence reads, and
a modified Tassel GBS Pipeline (Glaubitz et al., 2014b) was used to process raw
sequence reads and call variants and genotypes. For more details regarding collection
materials, phenotypes, and genotyping, refer to Fetter (2019, Ch.3).
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4.2.2

Admixture mapping

Admixture mapping requires phased reference haplotypes from unadmixed parental
populations to estimate locus specific ancestry in a test population. To choose reference individuals for P. balsamifera, we estimated global ancestry of the 534 individuals we sequenced with ADMIXTURE (Alexander et al., 2009b), and chose 25
individuals from the western populations of Duck Mountain, Manitoba (DCK) and
Hudson Bay, Ontario (HBY) that exhibited minimal signs of admixture with other
Populus species (i.e. ADMIXTURE q-matrix > 0.95 P. balsamifera at K = 2) (Fig.
S4.1). For the P. trichocarpa reference set, 25 individuals with whole genome sequences publicly available were chosen from western Washington which were known
to lack admixture with P. balsamifera (Evans, GT Slavov, et al., 2014), and downloaded from https://phytozome.jgi.doe.gov/. 117 hybrid and non-hybrid genotypes
from the Canadian prairie provinces and the western and mid-western United States
were chosen to form the test set (Table 4.1, Fig. 4.1a).
The locus positions of the test vcf files were used to filter the P. trichocarpa reference set, and after discarding flipped and multi-allelic sites, 74,878 homologous sites
remained. Haplotypes of the reference populations were jointly estimated with fastPHASE (Scheet and Stephens, 2006), setting the following parameters: 20 random
starts; 45 EM iterations per run; 5000 samples of the posterior haplotype distribution;
the K-selection function was limited between 5 and 30, at 5 unit intervals; and loci
with genotype probability <90 were flagged. Locus specific ancestry was determined
for the test set via recombination ancestry switchpoint probability estimation with
the program RASPberry (Wegmann et al., 2011). The input data sets for RASPberry
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were: a test set of 485 individuals with 227,607 SNP loci and no site-wise missingness; two reference populations of 25 individuals each with 74,878 SNP loci; and the
ADMIXTURE q-matrix at K = 2. The default recombination rate of 5 cM was used
and population recombination rates set to 120 and 173 for P. balsamifera and P.
trichocarpa. The mutation rate was set to 0.0079365, and miscopy rate to 0.01.
Mixed effects models were fit to identify association between 24 phenotypes (Table
4.2) and local ancestry genotypes corrected by the global ancestry of the individual
using the bayesian mixed model (BMIX) model of Shriner et al. (2011):
f (yi ) = —0 + —1 Aij + —2 Āi + ‘i
Where, yi is a vector of phenotypes, —N are regression coefficients to estimate,
Aij is a vector of local ancestries for the j th locus, Ai is a vector of global ancestries
for the ith individual, and ‘i is error variance for the ith individual. Global ancestry
was again estimated for each individual with the RASPberry data by summing the
frequency of the local ancestries of the homozygous and half the heterozyous genotypes
corresponding to the P. balsamifera allele. Association probabilities were estimated
from chi-sq test statistics of converted model p-values. The significance level for
true associations was set to –/admixture burden (0.05/237.5), which represents the
number of independent tests in the sample. Admixture burden was estimated from the
first-order autoregressive (AR(1)) models for each locus summed across the genome
for all individuals. Manhattan plots were used to visualize p-values of tests across
the genome for each trait. Intersections between candidate gene lists were identified
with UpSetR (Conway et al., 2017).
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4.2.3

Selection Scans

Patterns of positive selection were identified with RAiSD (Alachiotis and Pavlidis,
2018) using the µ statistic, a composite statistic of the product of µSF S which measured shifts in the site frequency spectrum, µLD measuring linkage disequilibrium,
and µV AR which measured genetic polymorphism. These statistics were calculated in
overlapping 50 SNP sliding windows. RAiSD is ideal for identifying hard sweeps, but
false positives can be generated by population bottlenecks, background selection, and
population structure (Alachiotis and Pavlidis, 2018). As a result, we sub-sampled the
P. balsamifera data set to a single deme in the western core which was identified by
running ADMIXTURE (Alexander et al., 2009b) on all 534 P. balsamifera samples
from K = 2 until resolution of known demes (sensu Keller, Olson, et al., 2010) within
P. balsamifera was possible at K = 7 (Fig. S4.1). Individuals > 0.98 ancestry in
the western core deme at K = 7 were selected. The hybrid set was selected from
individuals with RASPberry global ancestry < 0.99. RAiSD was run separately for
the P. trichocarpa reference inds (N = 46), Western core P. balsamifera (N = 81),
and hybrids (N = 39) (Table S4.2). The input sequence data set contained 31,545
SNPs common to both P. trichocarpa and P. balsamiera with no missingness. We
considered windows in the top 1% of µ statistics as evidence of a hard selective sweep.
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4.2.4

Gene annotation and candidate gene filtering

Gene annotations for the 227,607 SNPs were pulled from the P. trichocarpa v3.0
genome and used to annotate significant loci. After the top 1% of µ statistic windows
were identified, the overlap of BMIX candidate genes and selection windows was determined using GenomicRanges (Lawrence et al., 2013). Local ancestry sites from
genes that passed the BMIX/selection filter were identified, and monomorphic sites
removed. With the remaining polymorphic local ancestry sites, boxplots comparing
local ancestry genotype and SR, D1’, and G were made to evaluate distributions for
signs of false positives. Sites that passed this final filter were mapped to P. trichocarpa
gene annotations and the genes were manually investigated for gene function using
www.popgenie.org (Sjödin et al., 2009a; Sundell et al., 2015), atgenie.org (Sundell et
al., 2015), and TAIR (Berardini et al., 2015). Populus gene orthologies to Arabidopsis were determined by the best BLAST hit on www.popgenie.org or via manually
BLAST on The Arabidopsis Information Resource (www.arabidopsis.org).

4.3
4.3.1

Results
Global and local ancestry of hybrids

Sequence filtering and merging of the test individuals and the 50 reference individuals yielded 31,523 SNPs for global and local ancestry estimation. Global ancestry
calculated from the local ancestries indicate the individuals we sampled span a range
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of hybrid ancestries from unadmixed (RASPberry K = 2 q-matrix = 0.9996) to admixed (RASPberry K = 2 q-matrix 0.5754) (Fig. 4.1c). Filial generation of the test
individuals was estimated with NewHybrids (E Anderson and E Thompson, 2002)
in Fetter (2019, Ch.3), and this set of individuals included 18 P1.F2 , 6 P1.P1F1 , 10
P1.P1F1 and 83 unadmixed P. balsamifera. The ancestry of each locus estimated
with RASPberry (Wegmann et al., 2011) revealed a patchwork of introgressing chromosomal regions across the genome (Fig. 4.1d). Among the hybrid individuals,
heterozygous sites predominated, with relatively few sites homozygous for the P. trichocarpa parent. The predominance of heterozygous local ancestry sites is consistent
with our expectations, given that the majority of samples are derived from advanced
generation backcrosses into P. balsamifera.

4.3.2

Trait variation

The traits we measured fall into three general patterns of distributions: approximately
normal, left-skewed and zero inflated (Fig. 4.1b). Traits with approximately normal
distributions included the ecophysiology, budflush, relative growth rate and abaxial
stomata traits. Left-skewed traits include the three stomatal ratio traits (SR, LR, PR)
and the adaixal stomatal traits which are left-skewed as a result of many unadmixed
P. balsamifera lacking adaxial stomata. The disease phenotypes we measured are all
zero-inflated and the tail of the distribution contains most of the hybrid genotypes. A
detailed discussion of these traits and their covariation to each other and with global
ancestry of the hybrids is presented in Fetter (2019, Ch.3).
We fit a logistic model of the presence/absence of disease to the 19 traits and global
ancestry (Fig. 4.2a). Total porosity (TO_PO) was excluded from the analysis, as that
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trait is the sum of the abaxial and adaxial porosity, which were included separately.
SR had the largest odds ratio (9.8e14), and PR had the smallest (1.8e-16), indicating
variation of these traits contributed the most variance to the presence or absence
of disease. Ecophysiology and bud flush traits explained little variance of disease
presence. Predicted values from the logistic model for SR indicated the probability
of disease increased strongly with non-zero values of SR (Fig. 4.2b). Predicted values
of disease presence from global ancestry indicated a decrease in the probability of
disease with increasing values of P. balsamifera ancestry (Fig. 4.2c). A biplot of the
SR and global ancestry demonstrated a decrease of SR with increasing P. balsamifera
ancestry.

4.3.3

Admixture mapping

Admixture mapping was performed with BMIX (Shriner et al., 2011) using the 31,523
locus-specific ancestry estimates and 24 traits (Fig. 4.3, Table 4.2). Out of 746,928
tests, 3.2% (23,670 tests) had p-values larger than the admixture burden corrected
p-value threshold (– = 0.0.5 / 237.50) (Fig. 4.3a, Fig S4.2, S4.3, S4.4). Significant
loci from multiple tests colocalized into chromosomal regions, possibly indicative of
pleiotropy or clustering of genes as a result of selection. Based on the colocalizaton
of results, we grouped manhattan plots into three groups: disease and stomatal patterning traits (Fig. 4.3b), ecophysiology traits (Fig. 4.3c), and stomata traits that
did not colocalize with significant results from disease tests (Fig. 4.3d).
To identify shared signals of association between traits, significant loci were mapped
to 13,997 genes, of which less than 10% (3,877 genes) were uniquely identified. The
largest intersection contained 1,142 unique candidate genes identified in the BMIX
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tests for SR, LR, PR, PL_AD, PO_AB, SD_AD, dis_pres, D1’ and D2’ (Fig. 4.4).
Concatenating the list of genes uniquely found in association to the four disease traits
and not in association to non-disease traits resulted in 1,562 candidate genes.

4.3.4

Selection scans

Positive selection was inferred using a sliding windows approach implemented with
RAiSD (Alachiotis and Pavlidis, 2018). 31,545 SNPs were input into the selection
scans of sliding windows of 50 SNPs in size yielded 13,395 windows in the hybrid set,
13,863 windows in the P. trichocarpa set, and 5,559 windows in the western core P.
balsamifera set. The median value of the µ statistic for the P. trichocarpa, hybrid, and
P. balsamifera data sets were 1.13, 2.42, and 3.97, respectively (Fig. 4.5). µ statistics
were plotted by window position (Fig. 4.5) Nine chromosomal regions contained
candidate genes from BMIX analyses that overlapped with the top 1% of µ statistic
windows and contained 271 unique genes (Table 4.3, Fig. 4.5).

4.3.5

Candidate genes and local ancestry class
phenotypic distributions

To further investigate the 271 genes we identified with BMIX that are in the top
1% of selections windows, we determined the local ancestry sites mapping to those
genes and filtered them for monomorphic sites. We had 535 local ancestry sites
that mapped to the 271 genes, and 221 of those sites were polymorphic. Boxplots
of the local ancestry genotypes for SR, D1’ and G for each site were made (results
not shown), and the distributions for were evaluated for phenotypic patterns among
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the loci to remove sites that had either no phenotypes for a the heterozygote local
ancestry genotype (53 sites), or had only one individual in the heterozygote local
ancestry genotype (5 sites). After filtering for phenotypic distributions, 163 sites
remained which shared one of five patterns of phenotypic distributions (Fig. 4.6).
Substituting a P. trichocarpa ancestry allele had a large average allelic effect for SR
and D1’, and to a lesser extent a negative effect for G for sites on chromosome 1 and
11 (Table 4.4).
We mapped the 163 sites to 99 genes and investigated each gene with popgenie.org
(Sjödin et al., 2009a), atgenie.org (Sundell et al., 2015), and TAIR (Berardini et al.,
2015) for gene families, functions, and gene expression profiles that were relevant to
disease or stomata patterning. Among the 99 candidate genes, we identified genes
involved in guard cell functioning, the immune system, detoxicants, lipid biosynthesis and trafficking, growth related proteins, cell wall production, abiotic/biotic
stress response, epigenetic regulation, ubiquination, membrane transport, transcription factors, DNA replication, signal transduction, and floral development related
genes (Table 4.5).

4.4

Discussion

We conducted an admixture mapping study using a collection of P. balsamifera and
P. trichocarpa hybrids predominated by advanced generation backcrosses to P. balsamifera. Our primary interest was to deconstruct the genetic variation of disease
susceptibility to a fungal pathogen (Melampsora medusae). Previous analyses of the
phenotypic correlations between disease, stomatal, and ecophysiology traits indicated
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high covariance between disease and stomatal patterning traits, in particular SR (Fetter, 2019, Ch3). Using the results of admixture mapping, we were able to find a common set of genes associated with both stomatal patterning and disease trait variation.
We identified patterns of selection in the genome with sliding window selection scans,
and used the top 1% of genes under selection as a filter for identifying candidate genes.
Filtering candidate genes based on the polymorphism of local ancestry sites mapped
to each gene allowed us to identify a core set of genes contributing to the signal of
shared genomic associations from multiple phenotypes (Fig. 4.4). We identified 99
candidate genes underlying the shared genetic variation of stomatal patterning and
disease severity traits in P. balsamifera x trichocarpa hybrids. Many of the candidate
genes we identified have been studied in Arabidopsis and collectively have functions
at the intersection of stomata guard cell regulation, pathogen identification, signal
transduction, constitutive defenses (e.g. lipid and cell wall synthesis), inducible defenses, and regulation of growth. The molecular functions of the genes we identified
indicate these genes may form a core network of genes under pathogen-induced selection. The proteins coded by these genes may interact directly with pathogens,
for example if they are a component of innate immunity, or indirectly through their
role in regulation of stomatal functioning. Interactions between the candidate genes
are likely, given their shared co-regulation of several important defensive responses in
plants.
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4.4.1

Candidate genes

Guard cell functioning
We identified several genes with known functions for guard cell regulation. Guard cells
open and close a stoma aperture pore via reversible changes in the concentration of
ions and subsequent turgor pressure changes in the cell (Pandey et al., 2007). Calcium
ions can function as messenger molecules in plant signalling pathways, and can be
pumped into guard cells to change the ionization of the cell (Lecourieux et al., 2006).
We identified Potri.016G115500, a putative Ca2 +/H+ ion transmembrane transporter
CATION EXCHANGER 3 (CAX3) that forms homo- and heterodimers with CAX1
in guard cells which are required to regulate Ca2+ homeostasis and to open and close
the aperture pore in Arabidopsis (Hocking et al., 2017). CAX3 expression can be induced in Arabidopsis guard cells by inoculating leaves with Psudomonas and Botrytis
(eFP BAR; http://bbc.botany.utoronto.ca, Winter et al., 2007). In cax1-1 and cax31 stomata aperture pores were smaller than wildtype (Col-0) and mutants showed
increased transcript levels of pathogenesis responsive genes (e.g PR1 and PR5), indicating interactions between the immune system and CAX1 and CAX3 (Hocking
et al., 2017). The nearby intracellular signal transduction kinase Potri.016G117200,
CALCIUM DEPENDENT PROTEIN KINASE 13-2 (CPK13-2), was identified. In
Arabidopsis, this kinase propagates a defensive response signal to close stomata, and
overexpression inhibits light induced stomatal opening (Ronzier et al., 2014). Reactive oxygen species (ROS) are involved in calcium dependent guard cell homeostasis,
and we identified Potri.011G112700, GLYCOLATE OXIDASE 1 (GOX1), which encodes an enzyme that modulates ROS-mediated signal transduction during pathogen175

induced defensive responses (Rojas et al., 2012).
Immune system
A successful host defensive response to a pathogen is initiated by recognizing the
presence of pathogens, and plants have evolved a variety of resistance (R) genes
which detect their environment for pathogen associated molecular patterns (PAMPs)
indicative of pathogen presence (Jones and Dangl, 2006). PAMP-triggered immunity (PTI) can be induced by the detection of PAMPs, which results in a signaling
cascade to initiate a broad-spectrum defensive response by the host plant (Dodds
and Rathjen, 2010). We detected several components of the plant immune system.
Potri.011G116200, PRENYLATED RAB ACCEPTOR 1 (PRA1), is involved in immune system signal transduction (Berardini et al., 2015). In tomato, PRA1 interacts
with the pattern recognition receptor (PRR) LeEIX2, which recognizes the fungal
PAMP ethylene-inducing xylanase (EIX) (Pizarro et al., 2018). In P. trichocarpa,
PRA1 has increased expression in mature leaves, and beetle, and mechanically injured leaves (Sjödin et al., 2009a). The AtPRA1 is highly expressed in guard cells
(log2-FC = 4.54, eFP), responsive to most abiotic stresses, and responsive to inoculation with Pseudomonas, Phytophthora, and Hyaloperonospora (an oomycete) Winter
et al., 2007.
Potri.011G113000, GLUTATHIONE S-TRANSFERASE TAU 19 (GSTU19) is responsive to oxidative stress and is involved in detoxyfing herbicides (Hara et al., 2010).
Expression of GSTU19 in drought and mechanically damaged leaves is elevated in P.
trichocarpa (Sjödin et al., 2009a), and in Arabidopsis it shows increased expression
after inoculation with Psudomonas or Botrytis, and after osmotic and heat stress
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Winter et al., 2007.
We identified four tandomly arrayed MULTI ANTIMICROBIAL EXTRUSION
(MATE)/DETOXIFICATION EFFLUX CARRIERS (DTX) proteins (Potri.
011G117100, Potri.011G117200, Potri.011G117300, Potri.011G117400). These proteins are transporters of toxins (Diener et al., 2001), xenobiotic molecules (Miyauchi et
al., 2017), and drugs such as salicylic acid (Nawrath et al., 2002). Some MATE/DTX
proteins will also transport flavonoids (Buer et al., 2010; Marinova et al., 2007),
which, in poplars, are inducible defensive molecules which inhibit the growth of
Melampsora sp. (Ullah, Unsicker, et al., 2017). METALlOTHIONEIN 3 (MT3),
Potri.011G118900, is involved in the detoxification of metals, and guard cells expressing MT3 have been demonstrated to detoxify cadmium (J Lee et al., 2004).
The plant immune system can initiate regulated cell death after detecting a
pathogen, and is generally an effective response to inhibit pathogen growth. However, controlled cell death is a costly reaction, and the initiation of apoptosis is tightly
regulated by negative immune system regulatory proteins (Jones and Dangl, 2006).
We identified Potri.011G121200, CONSTITUTIVE EXPRESSER OF PR GENES
1 (CPR1), an F-box associated binding protein that is a negative regulator of the
immune system (Gou et al., 2012).
Constitutive defenses
The plant cuticle is composed of lipids and is an effective barrier to pathogen colonization, and is a constitutive defense (Serrano et al., 2014). Differences in cuticle lipid
chemistry have been linked to variation of Melampsora infection in P. trichocarpa
(Gonzales-Vigil et al., 2017). We observed six genes involved in lipid biosynthesis or
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transport, including Potri.001G317400, CERAMIDASE 1 (CES1); Potri.016G115800,
GDSL esterase/lipase CPRD49 (CPRD49-1); Potri. 016G116400, PYRIDOXINE
BIOSYNTHESIS 1-2 (PDX1-2); Potri.016G113800, MULTIPLE C2 DOMAIN AND
TRANSMEMBRANE REGION PROTEIN 15 (MCTP15); Potri.016G118000, ACYLCOA OXIDASE 4 (ACX4); and Potri.001G316600, a GDSL-motif type esterase/lipase. CES1 encodes a ceramide synthase which metabolizes sphingolipids and is
involved in disease resistance and response to salt stress in Arabidopsis (Berardini
et al., 2015). Loss of CES1 inhibits the autophagy response, and its overexpression
promotes autophagy (Zheng et al., 2018). PDX1-2 functions in tandem with PDX2 to
form a complex that synthesizes pyridoxal 5-phosphate (PLP) (Ristilä et al., 2011),
a metabolically active form of vitamin B6 that is used by ceramidases to synthesize
long-chain fatty acids (Dunn et al., 2004). Arabidopsis pdx1.2 and pdx1.3 have been
demonstrated to have lower levels of vitamin B6 that correlated to increased infection by Pseudomonas (Y Zhang et al., 2015). Increased expression of PDX 1-2 in
Arabidopsis after wounding is correlated with increased CHALCONE SYNTHASE
(CHS) expression, a flavonoid biosynthesis protein, resulting in anthocyanin accumulation (S Li and Strid, 2005). ACX4 is involved early in the pathway of long-chain
fatty acid biosynthesis in seeds of Arabidopsis (Rylott et al., 2003), and its gene expression is responsive to inoculation with Pseudomonas, Phytophthora, and Botrytis
in Arabidopsis (Winter et al., 2007). In P. trichocrapa, AXC4 was identified to be
introgressing into P. balsamifera (Suarez-Gonzalez, Hefer, Christe, et al., 2016). Finally, we identified a GDSL-motif esterase/acyltransferase/lipase that is involved in
catalyzing acyltransfer reactions during lipid biosynthesis (Berardini et al., 2015).
Two proteins involved in cell wall homeostasis were identified by our scans. Potri.
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013G056800, TUBULIN ALPHA 5 (TUA5) is a cytoskeleton protein that is involved
in cell wall development and responsive to cadmium ions (Berardini et al., 2015). In
both Arabidopsis and P. trichocarpa, gene expression of TUA5 is responsive to biotic and abiotic stress (Winter et al., 2007; Sjödin et al., 2009a). Potri.016G114300,
AROMATIC ALDEHYDE SYNTHASE (AAS) is a gene which makes precursors to
numerous plant secondary metabolites (Gutensohn et al., 2011), including hydroxycinnamic acid-conjugated amides, which are thought to be deposited on cell walls
to act as a barrier to pathogens (Facchini et al., 2002). In P. trichocarpa, AAS gene
expression is increased in leaves in drought and wounding treatments (Sjödin et al.,
2009a), and in Arabidopsis, increased gene expression after flooding the leaf with
Pseudomonas and under abiotic stress is observed Winter et al., 2007. Gutensohn
et al. (2011) further document the role of AAS in defense by demonstrating gene
expression is responsive to jasmonic acid treatment and wounding.
Growth regulation
We identified several genes involved in transcriptional regulation of growth and cell
boundary specification. Potri.011G115400 is a transcription factor with several names
in Arabidopsis: ARABIDOPSIS NAC DOMAIN CONTAINING PROTEIN 98
(ANAC098), CUP-SHAPED COTYLEDON 2 (CUC2), and NO APICAL MERISTEM/ CUP-SHAPED COTYLEDONS 2 (NAC2). The ANAC098/CUC2/NAC2
transcription factor is involved in cell boundary specification in the meristem, which is
essential for forming lateral organs in plants (Maugarny-Calès et al., 2019). anac098
lack meristems and will grow deformed cotyledons and eventually die (Berardini et al.,
2015). In P. trichocarpa, NAC2 is expressed in dormant vegetative and floral buds
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and was identified in a genome-wide association of height growth, %C, %N, C:N,
13

C, and

15

N in P. trichocarpa (Suren, 2017). NAC86 (Potri.011G121300) was

also identified by our methods, and has increased expression in dormant buds, roots,
mature leaves, and drought and beetle damaged leaves in P. trichocarpa (Sjödin et
al., 2009a). An auxin transmembrane transporter Potri.016G113600, AUXIN RESISTANT 1 (AUX1), was identified by our scans, and is a gene with numerous growth
and organ specificity roles in the plant (Berardini et al., 2015), and shows decreased
expression in Arabidopsis after exposure to nematodes (Winter et al., 2007).

4.4.2

Limitations of our study

There are limitations inherent in our sample and methodology worth considering. The
P. trichocarpa genome is approximately 422 Mb in size and our admixture mapping
is based on a data set of 31,523 local ancestry sites. Linkage disequilibrium between
sites decays rapidly in the poplar genome (GA Tuskan et al., 2006), and even with
31K sites, we can cover much of the relevant gene space of the genome. However,
it is worth noting that these results are likely sensitive to low sampling density, and
we would likely find different candidate genes with a different sequence data set.
A further limitation of our data is from sampling disease for only two years, and
from sampling the other traits in only one year. Our results indicate that genomic
associations for the same trait can change from year to year (e.g. D1’, and D2’,
Fig. 4.5B), and associations on the same trait measured with different scales can
also generate different lists of significant loci (e.g. D2’ and D2”). We assume that
pathogen pressure was homogeneous in our common garden, but we have no data to
test that assumption. There was a single large larch tree 100 m from our garden, and
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differences in trait variation due to the position in the garden where the tree grew were
controlled for by our quantitative genetic mixed models. Nevertheless, variation due
to genetic differences within M. medusae are unknown. Finally, we only had access to
advanced generation backcrosses, and likely missed much of the segregating genetic
variation that contributes to disease variance. Fortunately, the patterns of disease
variance between unadmixed and admixed poplars was large, and we recovered loci
with high statistical confidence that are relevant to disease and stomatal processes in
Arabidopsis and poplar.

4.4.3

Conclusion

We have used admixture mapping to identify genes under selection that are associated with disease severity to a fungal pathogen, stomata patterning traits, and
growth. These result provide evidence that admixture mapping can be used to find
ecologically relevant genes, and supports the hypothesis that variation of loci within
genes can have effects that cascade to the ecological relationships and the broader
environment (AS Wymore et al., 2011). In this study, hybrid genotypes serve as a
reservoir of disease, an observation shared by other studies in poplars (Whitham,
1989). These genes have likely experienced selection to produce phenotypes that exhibit growth-defense trade-offs demonstrated from the set of genotypes under study
here (Fetter, 2019, Ch.3). The colocalization of genomic associations we observe to
shared chromosomal regions between disease and stomatal patterning traits likely
indicates that stomata are under strong positive selection. In particular the SR, a
trait which should have a much broader phenotypic distribution in nature than what
is observed (Muir, 2015), is likely under selection. These results suggests natural
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selection can effectively purge maladaptive genetic variation in hybrid populations,
and that stomata are integral to an integrated network of genes regulating growth
and defense.
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Tables
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Table 4.1: Population locality and sample size summaries for individuals used in admixture
mapping. ref-Pb. and ref-Pt. are abbreviations for Populus balsamifera and P. trichocarpa
that formed the reference sets.

Pop.
Set
N
Lat.
Lon.
BESC
ref-Pt.
15 47.81 -122.01
GW
ref-Pt.
9 47.30 -122.58
Nisqually
ref-Pt.
1 47.03 -122.67
DCK
ref-Pb.
20 51.60 -101.73
CLK
test
6 54.22 -110.08
HBY
ref-Pb./test 23 52.89 -102.39
CYH
test
4 49.64 -109.98
FNO
test
8 58.50 -122.37
JKH
test
6 43.83 -110.47
MMT
test
6 49.88 -102.59
MSG
test
4 44.31 -106.90
OFR
test
14 53.14 -101.10
OUT
test
4 51.14 -106.20
SKN
test
4 52.33 -106.27
SSR
test
12 44.46 -109.61
TUR
test
7 53.20 -108.32
USDA12
test
6 46.58 -88.030
USDA13
test
2 46.08 -88.030
USDA14
test
1 45.58 -88.030
USDA15
test
1 46.42 -86.870
USDA18
test
1 45.42 -84.500
USDA3
test
1 47.17 -91.670
USDA7
test
3 48.42 -92.980
USDA8
test
1 48.33 -94.520
USDA9
test
4 47.92 -94.520
WLK
test
4 60.05 -128.44
Total
167
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Table 4.2: Trait definitions and abbreviations.

Trait

Abbr.

Disease severity 2015 scale 1
Disease severity 2016 scale 1
Disease severity 2016 scale 2
Disease presence (converted from D2”)
Relative growth rate (cm)
Stomatal ratio
Pore length ratio
Porosity ratio
Abaxial stomata density (mm2 )
Adaxial stomata density (mm2 )
Abaxial pore length (µm)
Adaxial pore length (µm)
Abaxial porosity
Adaxial porosity
Total porosity
Carbon isotope discrimination (% )
Nitrogen isotope fractionation (% )
Carbon:Nitrogen
Carbon(%)
Nitrogen(%)
Specific leaf area
Chlorophyll content index
Cumulative degree growing days to bud flush
Cumulative degree growing days to bud flush

D1’
D2’
D2”
dis_pres
G
SR
LR
PR
SD_AB
SD_AD
PL_AB
PL_AD
PO_AB
PO_AD
TO_PO
13
C
” 15 N
CN
C
N
SLA
CCI
cGDD-15
cGDD-16

Table 4.3: Summary of genes associated to stomatal patterning and disease traits also under
positive selection. The number of genes found in each chromosomal region under selection
is given beneath each chromosome.

BMIX Gene Set

P. trichocarpa

Hybrids

P. balsamifera

Stomata + Disease

Chr11
(46)
Chr9, Chr11
(2, 57)

Chr11
(46)
Chr11
(18)

Chr1, Chr13, Chr16
(21, 12, 28)

Disease
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Table 4.4: Average allelic effects for substituting a P. balsamifera ancestry site (0) for P.
trichocarpa (1). Phenotypes were scaled and standardized before calculating the allelic effect.
The allelic effects for each site in the chromosomal region under consideration was identical.
The phenotypic distributions for these sites are in Fig. 4.6.

Trait Chr1 Chr9 Chr11 Chr13 Chr16
SR
D1’
G

1.87
2.21
-1.88

1.61
1.26
-1.61

2.00
2.21
-2.00

187

1.17
1.02
-1.16

1.17
1.02
-1.16

Table 4.5: Descriptions of candidate genes. Arabidopsis orthologs were identified by the
best BLAST hit from www.popgenie.org or through BLAST results from The Arabidopsis
Information Resource (www.arabidopsis.org). See text for details regarding candidate gene
selection.

Potri ID

At-ortholog Pfam description

Guard cell function
001G317800
001G318800
011G112700
013G057500
016G115500
016G117200

AT1G15690
AT4G30990
AT3G14420
AT5G56540
AT3G51860
AT3G51850

NA
Down-regulated in metastasis
oxidoreductase activity
NA
transmembrane transport
Protein tyrosine kinase, protein phosphorylation EF hand

Immune system & detoxicants
011G113000
011G116200
011G116900
011G117100
011G117200
011G117300
011G117400
011G118200
011G118900
011G121200
013G058500
016G118100

AT1G78380
AT4G27540
AT5G53890
AT3G23560
AT3G23550
AT3G23560
AT3G23550
AT1G28280
AT3G15353
AT4G12560
AT3G03960
AT3G51830

protein binding, Glutathione S-transferase, C-terminal domain
PRA1 family protein
Leucine rich repeat N-terminal domain
MatE (multi antimicrobial extrusion protein)
MatE (multi antimicrobial extrusion protein)
MatE (multi antimicrobial extrusion protein)
MatE (multi antimicrobial extrusion protein)
VQ motif
NA
F-box associated, protein binding
cellular protein metabolic process
SacI homology domain

Lipid biosyntheis & transport
001G316600
001G317400
016G113800
016G115800

AT3G05180
AT4G22330
AT1G74720
AT2G38180

NA
ceramide metabolic process
protein binding
lipid metabolic process
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Continued on next page

Table 4.5 – continued from previous page
Potri ID
At-ortholog Pfam description
016G116400 AT5G01410 pyridoxal phosphate biosynthetic process
016G118000 AT3G51840 acyl-CoA dehydrogenase activity
Growth related
011G121300
011G115400
016G113600
016G114600
016G118400

AT5G17260
AT5G53950
AT2G38120
AT5G01270
AT4G33270

no apical meristem (NAM) protein
regulation of transcription, DNA-dependent
transmembrane amino acid transporter protein
double-stranded RNA binding
WD domain, G-beta

Cell wall related
013G056800 AT5G19780 Tubulin/FtsZ family, GTPase domain
016G114300 AT2G20340 carboxylic acid metabolic process
Abiotic/biotic stress responsive
001G316900
001G317000
001G317300
001G318900
011G115200
013G056900
013G057700

AT4G04980
AT4G04980
AT5G49210
NA
AT3G30390
AT5G18100
AT3G03890

NA
NA
NA
NA
NA
superoxide metabolic process
FMN binding

Epigenetics & DNA replication
001G316200
001G316300
001G316500
001G317500
001G317700
009G085400
011G114100
011G116000
011G116100
013G056700
013G057000
013G058800

AT3G01320
AT3G01320
AT1g04840
AT4G13780
AT2G31740
AT1G44910
AT1G17160
AT4G13870
AT5G53920
AT5G19790
AT5G18110
AT1G54390

nucleus, Histone deacetylase (HDAC) interacting
nucleus
PPR repeat
tRNA binding, aminoacyl-tRNA ligase activity
methyltransferase activity
protein binding, FF domain
pfkB family carbohydrate kinase
nucleobase, nucleoside, nucleotide and nucleic acid metabolic process
protein methyltransferase activity
apetella 2 domian (AP2 domain) transcription factor
translation initiation factor activity
protein binding
Continued on next page
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Table 4.5 – continued from previous page
Potri ID
At-ortholog Pfam description
013G058900 AT4G13650 PPR repeat
016G116900 AT5G05610 PHD-finger
016G117300 At5g01380 Myb/SANT-like DNA-binding domain
Ubiquination
001G316400 AT1G04850 protein binding, PUB domain
011G112800 AT3G14400 ubiquitin thiolesterase activity
016G115300 AT5G01520 zinc finger, C3HC4 type (RING finger)
Flower related
001G316800
011G112500
011G115000
016G116300
016G117400

AT1G04910
AT1G31660
AT5G57850
AT5G01450
AT5G01370

GDP-fucose protein O-fucosyltransferase
bystin
catalytic activity
NA
NA

Membrane transporters
001G316700
001G317100
001G317200
001G318700
016G115400

NA
AT4G13750
AT4G13750
AT1G71900
AT5G01500

Rab GTPase activator activity
NA
NA
NA
Mitochondrial carrier protein

Secondary metabolism related
001G317600 AT1G04920 sucrose metabolic process
016G115600 AT2G25300 NA
Signal transduction
011G114200 NA
protein transport, Plug domain of Sec61p
016G114800 AT3G09010 protein phosphorylation
016G119300 AT2G38280 purine ribonucleoside monophosphate biosynthetic process
Unknown genes, functions, or enigmatic
001G317900 NA
001G318000 NA

NA
NA

Continued on next page
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Potri ID
009G085500
011G112600
011G115100
011G115300
011G115900
011G117000
011G118000
011G118100
013G057100
013G057200
013G058600
016G113900
016G114000
016G114100
016G114700
016G115700
016G116200
016G116800
016G117900

Table 4.5 – continued from previous page
At-ortholog Pfam description
AT2G20240 NA
NA
NA
AT5G53970 transferase activity, transferring nitrogenous groups
NA
Plant mobile domain
NA
NA
NA
NA
AT5G53860 NA
NA
metal ion binding
AT3G03860 cell redox homeostasis
AT5G18130 NA
AT1G64770 NA
NA
NA
NA
NA
NA
NA
AT2G40060 clathrin coat of trans-Golgi network vesicle
NA
NA
AT5G01460 NA
NA
NA
NA
NA
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4.9

Figures

Figure 4.1: Map of collection localities in western North America with the range of P.
balsamifera and P. trichocarpa colored in blue and green, respectively (a). Ranges from
(Little, 1971). Traits distributions fall into three categories: approximately normal, leftskewed, and zero-inflated distributions (b). Global ancestry estimates from locus-specific
ancestries estimated by RASPberry (c). Local ancestry for each individual (in rows) and
for every site (in columns) colored as gray if the locus is homozygous for the P. balsamifera
allele, blue for heterozygous loci, and green for homozygous for the P. trichocrapa allele (d).
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Figure 4.2: Summary of logistic model and trait variation. Forest plot of standardized
regression coefficients from a logistic model with disease presence as the response. Blue and
red points are positive and negative odds ratios, respectively, and red line is an odds ratio
of 1 (a). See Table S4.1 for logistic model output. Predicted values of disease presence for
stomata ratio (SR) (b) and global ancestry (c). Biplot of SR and global ancestry (d). Global
ancestry of 1 indicates an unadmixed P. balsamifera individual.
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Figure 4.3: Output of BMIX models represented in manhattan plots. All traits are plotted in the same space in a. Disease
and stomata traits grouped in b, ecophysiology traits in c, stomata traits in d. Red points in b, c, and d indicate significant
loci at –=0.05/237.5.
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Figure 4.4: Intersection plot of significant genes from BMIX results.
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Supporting Information
Table S4.1: Output of logistic model of disease presence and traits.

term
SR
LR
PO_AD
SD_AB
PL_AB
N
G
C
CN
13
C
bfvt16
bfvt15
” 15 N
global_ancestry
CCI
SLA
PO_AB
SD_AD
PL_AD
PR

estimate p.value
9.8e14
0.08
2.4e10
0.21
3.7e8
0.18
1.e5
0.05
684.74
0.12
66.89
0.09
17.26
0.04
6.05
0.31
3.84
0.49
1.53
0.71
1.27
0.82
0.98
0.99
0.69
0.70
0.51
0.62
0.07
0.10
0.00
0.01
0.00
0.06
0.00
0.19
0.00
0.25
0.00
0.06
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Table S4.2: Summary of populations used in the RAiSD selection scan analysis. Pb. is an
abbreviation for Populus balsamifera.

Pop.

Set

N

CLK
DCK
HBY
MMT
OFR
OUT
SKN
TUR
CYH
FNO
HBY
JKH
MSG
SKN
SSR
USDA12
USDA18
WLK
13
31
Nisqually
Nooksack
Olympic Penninsula
Puyallup
Skagit
Skykomish
Total

P. balsamifera 12 54.22 -110.08
P. balsamifera 12 51.60 -101.73
P. balsamifera 6
52.90 -102.39
P. balsamifera 13 49.88 -102.59
P. balsamifera 12 53.14 -101.10
P. balsamifera 5
51.15 -106.26
P. balsamifera 10 52.35 -106.64
P. balsamifera 10 53.20 -108.36
Hybrid
4
49.64 -109.98
Hybrid
8
58.51 -122.38
Hybrid
1
52.93 -102.39
Hybrid
6
43.84 -110.47
Hybrid
4
44.32 -106.91
Hybrid
1
52.22 -106.27
Hybrid
7
44.46 -109.60
Hybrid
3
46.58 -88.03
Hybrid
1
45.42 -84.50
Hybrid
4
60.05 -128.44
P. trichocarpa 2
54.15 -128.60
P. trichocarpa 8
49.71 -125.06
P. trichocarpa 9
47.10 -122.64
P. trichocarpa 8
48.80 -122.17
P. trichocarpa 3
47.59 -122.90
P. trichocarpa 5
47.09 -122.20
P. trichocarpa 5
48.51 -122.07
P. trichocarpa 6
47.82 -121.86
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Lat.

Lon.

Figure S4.1: Global ancestry estimated from ADMIXTURE (Alexander et al., 2009) at K
= 2 (top) and K = 7 (bottom).
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Figure S4.2: Individual manhattan plots of p-values from BMIX tests. See Table 4.2 for
trait abbreviation definitions.
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Figure S4.3: Individual manhattan plots of p-values from BMIX tests. See Table 4.2 for
trait abbreviation definitions.
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Figure S4.4: Individual manhattan plots of p-values from BMIX tests. See Table 4.2 for
trait abbreviation definitions.
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